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CHAPTER 1

INTRODUCTION AND BACKGROUND

Cancer, as a disease, has been the source of a large number of deaths. As reported
by the American Cancer Society, there will be an estimated loss of approximately 1.7
million lives in the US for the year 2014 [1]. Even though many therapies such as
surgery, chemotherapy, radio therapy, etc exist, there has always been a constant search
for better techniques which can increase the survival rate. One such route of dealing with
malignant tumors has been to “cook” the cells to 42 ºC to 46 ºC. This phenomenon of
raising the tissue temperature is called as hyperthermia and is sufficient enough to retard
cell growth or exert a cytotoxic effect [2]. If the production of the heat energy is due to
magnetic nanoparticles in an applied external oscillating magnetic field, the process is
referred to as magnetic hyperthermia (MHT) [3]. Magnetic hyperthermia offers a unique
advantage over other treatment methods, including chemotherapy and radiation, by
presenting a highly localized effect with minimal side effects. Starting in the late 1990’s,
this technique has been pursued aggressively as a new and promising method of alternate
treatment [4-6] .
1.1 Magnetic Hyperthermia (MHT)
Magnetic hyperthermia is the process of elevating local tissue temperature using
magnetic particles, made of ferromagnetic or ferrimagnetic materials of the dimensions of
a few nanometers (hence called nanoparticles), in an external AC magnetic field. When
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the size of the magnetic particles is sufficiently reduced (1-100 nm), they exhibit
superparamagnetic behavior (described in a later section). In the presence of an external
AC magnetic field these superparamagnetic particles undergo two types of energy losses:
1) Néel relaxation due thermal fluctuation of magnetic moment within the particle; 2)
Brownian relaxation due to physical rotation of magnetic particles. These energy losses
contribute to the elevation of local tissue temperature in magnetic hyperthermia.
In

magnetic

hyperthermia,

a

stable

colloidal

solution

containing

superparamagnetic nanoparticles, called ferrofluid, is administered to the individual by
two different methods: either locally or intravenously [Fig. 1.1]. Intravenous delivery

Fig. 1.1: Basic idea of treating a patient with magnetic hyperthermia [7].

depends on a series of field gradients to guide the magnetic nanoparticles to the tumor
site. Once the magnetic nanoparticles are at the tumor site, an external oscillating
magnetic field is applied. The energy in the magnetic field is delivered to the magnetic
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nanoparticles, which is subsequently dissipated in the tumor tissue causing an elevation
in the temperature. The efficacy of the process primarily depends upon the magnitude of
the applied AC magnetic field, its frequency and material used for the process of heat
generation [3, 8]. The magnitude and frequency need to be within safety limits to prevent
unwarranted side effects and nerve stimulation. A safety limit which is commonly
prescribed is the product of the frequency and field amplitude amounting to
5  109 Am 1s 1 [9].

Among the magnetic nanoparticles used in biomedical applications, two
commonly used ones are magnetite (Fe3O4) or its oxidized form maghemite (γ-Fe2O3)
because of their magnetic properties and biocompatibility. In particular, they have found
extensive use in therapeutic MHT, targeted drug delivery and as contrast enhancing
agents in magnetic resonance imaging. The local elevation of the tissue temperature
obtained using MHT can also be coupled with drug delivery vehicles to provide a more
efficient and directed method of delivering drugs to the tumors [10-13] . Regmi et al.
synthesized

PNIPAM/magnetite

nanocomposites

carrying the

anti-cancer

drug

mitaxantrone and demonstrated its release using magnetic hyperthermia [10]. Sudakar et
al. synthesized nanoparticle composites using alginate and Fe3O4 and loaded it with the
model drug rhodamine 6G [11]. They showed that these nanoparticle composites were
superparamagnetic at room temperature and can be used for magnetically controlled drug
release. In a different study [13], iron oxide loaded thermosensitive liposomes were used
in solution, phantoms and animals to demonstrate the possibility of achieving targeted
drug delivery using an alternating magnetic field.
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The efficiency of the heat generation by the magnetic nanoparticles is expressed
using specific absorption rate (SAR) or specific loss power (SLP) with units of W/g,
which is given by (using iron oxide as an example),

SAR 

msample
mFe3O4

C sample

T
t

(1.1)

where, msample is the total mass of the sample taken, Csample is its specific heat capacity and
mFe3O4 is the mass of the iron oxide nanopartilces in the sample. The SAR value depends

on the properties of the magnetic nanoparticles such as their size, shape, and crystal
structure. It has been observed that a polydispersed (containing particles of different
sizes) sample gives rise to a lower SAR or SLP. Gonzales-Weimuller synthesized iron
oxide nanoparticles (~5-15 nm) with a narrow size distribution and showed that very high
SAR values can be obtained (~450 W/g at a field amplitude of 24.5 KA/m and a
frequency of 400 KHz) [14].
1.2. Magnetic nanoparticles
While magnetic hyperthermia offers considerable promise to develop a new
approach to treating tumors, it remains necessary to fully understand the physical
processes of heat generation in magnetic nanoparticles in vivo. The last couple of decades
have seen mankind gaining a better understanding of materials and their behavior. This
has made it possible to not only manipulate the size and properties of the materials but
also use them successfully for technological and bio-medical applications [15-17]. In the
review article written by him, Krishnan [15] explains the various possibilities of using
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magnetic nanoparticles for imaging, diagnostics, and therapy. Liang et al [16] and Baojun
et al [17] demonstrate the possibility of using Fe3O4 composite systems in energy storage
devices. Magnetic nanoparticles exhibit distinctly different properties from those
observed in bulk magnetic materials. Particularly noteworthy are the increase in surface
to volume ratio, superparamagnetism, lack of hysteresis and the ability to switched on
and off the magnetic response in an external oscillating magnetic field [6, 18, 19]. In this
context magnetic nanoparticles have been extensively studied both from the perspective
of a basic science as well as for specific technological and biomedical applications.
Typically the magnetic nanoparticles used in MHT have a composite material with a
magnetic core surrounded by a soft organic polymer (known as the surfactant). Such a
composite dispersed in a liquid medium at the microscopic level is called a ferrofluid. In
general a ferrofluid is a colloidal suspension of magnetic nanoparticles which are well
dispersed in a carrier fluid. Here, we describe magnetic materials which form the core
and magnetic cores with inorganic shells, while coating the nanoparticles with polymers
and other surfactants will be described in later sections.
Research in magnetic hyperthermia has progressed in several directions, the most
important aim being the ability to produce a large amount of heat using a small amount of
injected material and its bio-safety. Though magnetite (Fe3O4) or its oxidized form
maghemite (γ-Fe2O3) have been extensively used for their magnetic and biocompatibility,
there have been constant efforts to synthesize iron oxide doped with other magnetic
materials [20], other ferrites [21-27] and to manipulate exchange coupling [28] the
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magnetic anisotropy resulting in higher power dissipation. These materials can then be
made bio-compatible using different kinds of inorganic shells.
Typically magnetic nanoparticles are usually surface-modified using polymers or
surfactants such as Dextran, polyethylene glycol (PEG), chitosan or other organic
materials [29]. However, in the recent years there have been steady attempts to coat the
magnetic nanoparticles with metallic shells such as gold or metal oxides such as silica to
prevent agglomeration or support further functionalization by attaching biomolecules.
They not only provide a protective layer on top of the iron oxide, but can also be linked
to biochemicals and used in phototherapy using near infrared radiation [8-9].
Since the process of magnetic hyperthermia involves elevating the local tissue
temperature, there can be incidences where the temperature becomes quite high causing
thermo ablation affecting the surrounding normal tissue. This has resulted in the search
for new kinds of materials which can act as self-controlled temperature switches.
lathanum strontium manganites (low Curie temperature) are being explored for the
possibility of using them for self controlled magnetic hyperthermia temperature switches
[30, 31].
1.3. Surface modification of nanoparticles
A characteristic feature of nanoparticles is the large surface area to volume ratio.
This coupled with the fact that bare magnetic nanoparticles have a hydrophobic surface,
results in agglomeration. Surface modification of these nanoparticles by soft organic
materials, allows them to be dispersed in homogeneous fluids allowing greater colloidal
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stability. There are many different types of materials that can be used to treat the surface
of the nanoparticles depending upon the purpose for which it is being used.
There are two main classes of organic materials which can be used to treat the
surface of the nanoparticles. They are; (1) organic polymers and (2) organic surfactants.
Organic polymers include materials such as dextran, chitosan and polyethylene glycol
(PEG). Organic surfactants include materials such as sodium oleate and dodecylamine.
Organic polymers stabilize the nanoparticles in solution. However, they are not stable at
high temperatures and do not protect reactive magnetic nanoparticles. There is an
extensive record of experiments which have considered coating nanoparticles with
different kinds of surfactants. Magnetite nanoparticles approximately 10 nm in size
coated with polyacrylic acid (PAA) showed a decrease in the SAR values with increasing
particle concentration and solvent viscosity [32]. PAA is attractive for biomedical
applications due to the presence of many reactive functional groups. Brullot et al. [33]
synthesized ~8nm sized iron oxide nanoparticles using a modified force hydrolysis
method and functionalized them with PEG. These particles were identified as
superparamagnetic in nature and can be used for a variety of biomedical applications.
Soares et al. [34] synthesized ~ 9 nm sized iron oxide nanoparticles coated with oleic
acid, sodium citrate and Triton-X 100 and studied the effect of different coatings on the
saturation magnetization. They found that sodium citrate and Triton X-100 did not
change the saturation magnetization while the oleic acid formed a double layer and
reduced the magnetization of the magnetic nanoparticles.
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1.4. Effect of surrounding medium on Magnetic Hyperthermia
Vaishnava et al. [35] showed that the Brownian relaxation is suppressed for
systems of iron oxide nanoparticles embedded in an alginate hydrogel matrix as
compared to ferrofluids, highlighting the importance of the carrier medium while
studying magnetic nanoparticles systems. The majority of investigations involving the
heat generation have dealt with ferrofluids in liquids with fewer studies being performed
in ferrofluids embedded in gels. A study of heat generation in magnetic nanoparticles
embedded in gels, modeled after tumors, would resemble heat generation in actual
neoplastic tissue. Previous studies on the properties of magnetic nanoparticles in gels
have explored mostly the transport and heat diffusion characteristics using different
experimental and simulation methods. For example, Kalambur et al. [36] have studied
the diffusion of the nanoparticles in gel models and noted that it takes longer for the
particles to diffuse through the gel in the presence of an external static magnetic field.
Basak et al. [37] have also studied the transport characteristics of ferrofluids in gels’
models for the brain and have inferred that the diffusion of magnetic nanoparticles in the
presence of a high field gradient is reduced. On the other hand, MacDonald et al. [38]
have shown that a combined application of AC magnetic field and a static magnetic field
improves the transport of the nanoparticles through viscous medium.
While most of the studies have been devoted to the synthesis and characterization
of new nanocomposites with increased heating efficiency or drug attaching abilities and
in vitro modeling of tissues by loading gels with nanoparticles [36-38], there have been a
few studies which have taken it a step further by testing magnetic hyperthermia in cell
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culture media. Prasad et al. used manganese doped γ-MnxFe2-xO3 nanoparticles to study
the mechanism of cell death induced by magnetic hyperthermia [22]. Cancer
Immunotherapy based on intracellular hyperthermia was explored by Jimbow et al. [39]
using magnetite nanoparticles and they were able to induce necrotic cell death along with
the expression of heat shock proteins. Khandhar et al. [40] have studied the efficiency of
biocompatible amphiphilic polymer coated Fe3O4 nanoparticles in T lymphocyte or
Jurkat cells. Different factors (exposure time, field amplitude, and nanoparticles
concentration) affecting controlled cell death in dendritic cells using magnetic
hyperthermia was studied using dextran coated magnetic nanoparticles by Asin et al.
[41]. Monodisperse magnetic nanoparticles, approximately 16 nm in size, show distinct
cell death at a modest concentration of 490 μg Fe/mL on applying a magnetic field (14
kA/m, 373 kHz) for 15 minutes.
A range of SAR values have been reported in literature for a particular material.
This has been due to several effects, some of them are: sample size, non adiabatic
conditions, concentrations, magnitude and frequency of the applied field. An important
aspect that needs to be addressed to make more accurate estimations of the SAR value is
the non-adiabaticity of the experimental set up. Investigations have revealed that the
computed values of SAR by the two different methods, adiabatic and non-adiabatic,
differ by about 20% [42-44]. To make accurate estimates of the SAR value, an adiabatic
system would be the best option. However, for real, non adiabatic systems it is essential
to take into account the heat losses to arrive at accurate SAR values.
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In general, the SAR value of a colloidal solution depends upon the nanocomposite material and the parameters of the applied field. While there has been a
constant search for new materials to enhance the observed SAR, there has been
significant research trying to understand the contribution from other factors such as
nanoparticles concentration. An ensemble of single domain magnetic nanoparticles is
called superparamagnetic, when the particles are separated far enough so that interparticle
interactions can be neglected. In this case the energy barrier between the two possible
spin states with respect to the easy magnetization axis is a function of anisotropy alone
and can be understood using the frame work of Néel-Brown relaxation mechanisms. This
is the case for dilute ferrofluids. When the concentration of ferrofluids is increased, the
interparticle distance decreases. Under these conditions dipolar interactions can become
important and lead to interesting effects. Though there have been a few attempts using
experiments and simulations [45-47] to understand the effect of the interparticle
interaction on the SAR value, it is not yet clear whether this effect increases or decreases
the SAR value.
Serantes et al. [47] investigated a system of spherical zero-valence ferromagnetic
Fe particles coated with MgO both experimentally and using Monte Carlo modeling to
understand the effect of interparticle interaction. They report that dipolar interactions
between nanoparticles affect the magnetic susceptibility and hysteresis losses resulting in
a reduction of SAR or the power output per gram of the material used. A theoretical study
by Haase and Nowak [48] reveal that dipole-dipole interaction can have a negative
influence on the heating power of the nanoparticles. They have shown that for the same
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volume of the sample, there exists an optimal concentration which maximizes the
observed SAR for different kinds of spatial distributions. Branquinho et al. [49] showed
that there is a decrease in the magnetic hyperthermia efficiency due to the formation of
nanoparticles chains in magnetic colloids. The systems included in their study were
starch coated magnetite nanoparticles suspension and citric acid coated manganese
ferrite. Contrary to the above mentioned examples of interparticle interaction leading to
reduced hyperthermia efficiency there have been two significant studies. One is by
Mehdaoui et al. [45] which shows that chains or columns of magnetic nanoparticles with
low anisotropy result in enhanced SAR compared to individual nanoparticles. The other
study is by Saville et al. [50] who have shown that the formation of linear aggregates in
PEG coated magnetite results in an increased SAR.

1.5. Scope of the thesis

The goal of this thesis is to investigate temperature dependent magnetic
hyperthermia in magnetic ferrofluids. While there have been numerous related studies,
our research strives to provide a broad framework to model the magnetic hyperthermia
response under non adiabatic conditions leading to a proper quantification of SAR as a
function of temperature.

As a consequence of our experiments and analysis using

magnetic hyperthermia measurements on the simple, yet prominent, system of Fe3O4, we
are able to identify the contribution of particle size, polydispersity, anisotropy and
surfactant to the temperature dependent SAR. Chapter 2 explains nanoparticle magnetism
and magnetic hyperthermia, and how they relate to the linear response theory. Details of a
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theoretical framework which will be used to interpret the experimental data are presented.
Chapters 3, 4 and 5 constitute the body of the thesis. Chapter 3 summarizes the various
synthesis and characterization methods used in our study. Chapter 4 explores in depth
magnetic hyperthermia measurements, methods of data extraction and analysis to obtain
SAR as a function of temperature in dextran coated Fe3O4 ferrofluid. A method of
estimating the materials parameter, magnetic anisotropy, is provided and is shown to
agree with some of values reported in literature. The effects of size, polydispersity,
anisotropy and doping using Cobalt in dextran coated Fe3O4 ferrofluid are explored in
Chapter 5. Finally, in Chapter 6, the effects of using different surfactants on the measured
SAR are studied by obtained temperature dependent magnetic hyperthermia
measurements. The summary and prospects for future study are described in Chapter 7.
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CHAPTER 2

SUPERPARAMAGNETISM AND MAGNETIC
HYPERTHERMIA

To understand the behavior of magnetic nanoparticles and magnetic hyperthermia,
it is essential to know the magnetic behavior of materials and their response in an
external applied magnetic field. In the subsequent sections of this chapter, a general
description of basic principles is provided to understand different types of magnetic
materials, superparamagnetic behavior of magnetic nanoparticles and how it relates to
magnetic properties such as saturation magnetization, coercivity and anisotropy. This is
followed by elucidating the linear response theory of magnetic hyperthermia of magnetic
nanoparticles within the framework of the Néel-Brown relaxation mechanisms.

2.1. Magnetism in materials
Magnetism is a quantum mechanical phenomenon arising from the spin magnetic
moment of electrons in atoms. Within the simple framework of unpaired spins in
materials and interaction between the neighboring spins, materials can be classified into
the five different types mentioned below. Of these types, diamagnetism is common to all
the materials characterized by unpaired electrons, hence spins, with a tendency to oppose
an external applied field. Paramagnetic materials have unpaired spins which are randomly
oriented in different directions due to thermal fluctuations. When an external field is
applied, the atomic spins orient along the direction of the external field, resulting in a net
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magnetic moment. The temperature dependent behavior of paramagnetic systems is
explained using the Curie-Weiss law. Below a critical temperature, known as the Curie
temperature (ferromagnets) or Néel temperature (antiferromagnets or ferrimagnetic),
materials acquire a spontaneous magnetic moment, even in the absence of an external
magnetic field, and can be classified into ferromagnetic, antiferromagnetic and
ferrimagnetic as shown schematically in Fig. 2.1.

Fig. 2.1 Arrangement of the spin magnetic moments in different magnetic systems below
the Curie temperature, TC and Néel temperature, TN (Antiferromagnetic and
Ferrimagnetic systems).

Magnetic materials are classified into different types based on the physical
quantity called magnetic susceptibility,  . It is defined as the ratio of magnetization M of
the material in a magnetic field and the corresponding field intensity, H .



M
H

(2.1)
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Depending on the value of χ, the materials which display a small magnetism can be
classified as paramagnets (χ small and positive) or diamagnetic (χ small and negative).
Materials which exhibit ordered magnetic states even in the absence of an external field
are classified as ferromagnets, ferrimagnets and antiferromagnets. The ordered magnetic
states are associated with a spontaneous magnetic moment arising from a strong coupling
between the electrons. The magnetic susceptibility χ, in such materials depends both on
the applied field H as well as the temperature. A simple explanation of the origin of
different kinds of magnetism can be given using Fig. 2.1. Paramagnetic materials have a
small and positive susceptibility to magnetic fields and arise due to the presence of
unpaired electrons. The material does not retain magnetic properties on removing the
external magnetic field. In ferromagnetic materials we have magnetic atomic spins
parallel to each other and there are regions of alignment are called domains. In
antiferromagnetic materials, the atomic magnetic spins are equal in magnitude but are
coupled together in an antiparallel fashion. The picture is very similar in ferrimagnetic
materials where the magnetic moments are antiparallel to each other but unequal in
magnitude.

2.2. Magnetic nanoparticles and Superparamagnetism
Bulk ferromagnetic materials, below their curie temperature, are typically
characterized by the M-H curves as shown in Fig. 2.2 (a). Here, H is the applied external
field and M is the response of the magnetic material to the applied field and is called
magnetization. This curve typically shows hysteresis: the inability of the system to come
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back to its original state on removal of the external applied field, due to the formation of
magnetic domains. The formation of domains results from a balance between the long
range magnetostatic interactions and the short range exchange interactions between
electrons. One characterizes this M-H curve using three parameters: Ms the saturation
magnetization, Mr the remnant magnetization and Hc the coercive field.

Fig. 2.2: Magnetization versus field (M - H) curves for (a) an assembly of ferromagnetic
nanoparticles and (b) an assembly of superparamagnetic nanoparticles [51].

When the size of the magnetic particles becomes of the order of a few
nanometers, the formation of domain walls is no more favored and the particles become
single domain magnetic nanoparticles. Often these particles are referred to as superspins
because all their spins are aligned and the particle behaves like a giant spin. Each of these
particles has a colossal magnetic moment which can respond to an external applied field.
Fig. 2.2 (b) shows that the response of an assembly of superparamagnetic material to an
external applied DC field. Superparamagnets are characterized by a high saturation
magnetization and an almost negligible coercive field.
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Figure 2.3(a) is a representation of the response of magnetic nanoparticles to an
external applied field. When the size of the ferromagnetic nanoparticles is large, the
particles can still sustain magnetic domains. However, as the size of the nanoparticles is
decreased, at a particular critical diameter (Dc) the particles start transitioning to single
domain superparamagnetic particles. Below a certain size (Ds) thermal fluctuations
dominate the relaxation mechanisms and the coercive field becomes zero (Fig. 2.3 (b)).

Fig. 2.3 (a) Response of magnetic nanoparticles to an external applied field, and (b)
relation between the size and coercive field [52].
To understand superparamagnetism and the response of superparamagnetic
nanoparticles to an external field, the behavior of well isolated, single domain magnetic
nanoparticles must be understood. An important step in this direction is to understand the
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origin and role of anisotropy in magnetic nanoparticles. The next section introduces
magnetic anisotropy constant (K), its sources and its role in the way the magnetic
nanoparticles relax in an external magnetic field. This eventually leads us to a
mathematical formulation of for the behavior of these nanoparticles in the production of
heat energy. The relevant properties of some of the common magnetic nanoparticles are
given in the Table 2.1 [52].
Table 2.1. Magnetic properties of iron oxides and cobalt ferrite [3]
Material

Ms (emu/g) at
room temperature

Dc (nm)
[spherical shape]

K
magnetic anisotropy
(kJ/m3)

91.6

~20-30

23-41

γ-Fe2O3

75

~20

-4.6

CoFe2O4

80.8

40

180-200

Fe3O4

2.3. Magnetic Anisotropy
Magnetic anisotropy describes the dependence of the internal energy on the
direction of spontaneous magnetization. This results in the creation of easy and hard
directions, with the total magnetization of the system preferring the easy axis. Single
domain magnetic nanoparticles have anisotropic contributions to the energy arising from
their shape (shape anisotropy), crystalline structure (magneto crystalline anisotropy),
external stresses and surface effects [53]. Assuming uniaxial anisotropy, in the simplest
form, the magnetic anisotropy energy is given by,
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E ( )  KV sin 2 ( )

(2.2)

where, V is the particle volume, K is anisotropy constant and, θ is the angle between the
magnetization and the easy axis [54]. The energy barrier separating the easy
magnetization axes is proportional to KV. As the size of the particle is reduced, the
anisotropy energy decreases. When the anisotropy energy is comparable or smaller than
the thermal energy kBT, the energy barrier can be overcome and the total magnetic
moment of the particle can fluctuate between the two states like a simple paramagnet
[Fig. 2.4]. The temperature at which the magnetic moment reversal occurs is called the
blocking temperature TB. Above the blocking temperature TB which is a characteristic of
the particle, the colossal moment possesses enough energy to freely flip between the two
energy states (Fig. 2.4). In this regime the magnetic nanoparticles behave like simple

Fig. 2.4 Anisotropy energy and super-paramagnetic relaxation [54].
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paramagnets (superparamagnetism), where the magnetization oscillates between the two
energy mimima with a frequency

or a characteristic time  1  2f . The characteristic

time is given by the Néel-Brown expression [3]:

   0e

KV
k BT

(2.3)

where, k B is the Boltzmann’s constant, K is the anisotropy constant, V is the volume of
the magnetic core and T is the temperature. As the temperature is lowered, the value of
increases and the fluctuations slow down. When this time becomes much larger than the
experimental measuring time  m , the system appears static. Therefore the blocking
temperature is defined as the temperature at which the relaxation time  becomes
comparable to the experimental measuring time  m . This leads to the condition

TB  KV / k B ln( m /  0 )

(2.4)

The above equation is valid for a system of non interacting particles with the same size
and anisotropy. Typically the value of is o ~ 10-9 to 10-10 s. The value of

is given by

the type of the measurement being performed. It is typically of the order of 102 seconds
for DC measurements, 10-110-5 for AC susceptibility measurements and 10-710-9 for
Mössbauer spectroscopy measurements [6]. By measuring the blocking temperature using
DC magnetic measurements, one can determine the value of magnetocrystalline
anisotropy or the size of the nanoparticles using the relation,
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KV  25kBTB

(2.5)

For completeness of discussion on magnetic anisotropy we will briefly describe
the shape anisotropy, strain anisotropy and surface anisotropy. Shape anisotropy is seen
in nanoparticles which are not spherical in shape. In this case it will be easier to
magnetize the particle along the long axis than along the short axis. Strain anisotropy
arises due to magnetostriction effects. Lastly, surface anisotropy becomes extremely
important in small particles. A reduction in the particle size results in the surface effects
becoming more important than the bulk of the particle. The effective anisotropy is given
by [55],

K eff  K V 

6
KS
D

(2.6)

where, K V and K S refer to the bulk and surface anisotropy energy constants, with D
being the size of spherical particles.

2.4. Linear response theory and Magnetic Hyperthermia
The magnetic susceptibility  ac , describes the full dynamic response of a system
to an external stimulus. Here we describe the response of a magnetic system to an
alternating external applied magnetic field H ac  H 0 cos(t ) , where   2f is the
angular frequency and H 0 is the amplitude of the field, as described by Rosensweig [3] .

 ac  dM / dH

(2.7)
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The frequency and temperature dependent complex susceptibility can be written in terms
of its real,   and imaginary,   parts as,

 (, T )   (, T )  i (, T )

(2.8)

These components can be calculated using Debye relaxation model [56], which expresses
the complex susceptibility as

 ( ) 

0
1  i

(2.9)

in terms of the relaxation time  of the magnetic moments, and

the equilibrium

susceptibility  0 , given by,

  i

Here,

i 

M d2 H Vm
3k bT

3
1
 coth   



is the initial susceptibility,  

(2.10)

 M d H Vm
k bT

o is the permeability

of free space, Md is the domain magnetization,  is the volume fraction of the magnetic
nanoparticles in the ferrofluid and Vm is the volume of the magnetic core. From Eq. 2.9,
the real and imaginary parts can be written as

 ( )   0

1
1  ( ) 2

(2.11)

 ( )   0


1  ( ) 2

(2.12)
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The relaxation time, , can be determined from the relaxation processes of the magnetic
moments. For Néel’s relaxation, the relaxation time, τN, is characterized by [3],

N 


2

  e KV

m

/ k BT

KVm
k BT

(2.13)

where, τo is a characteristic time of the material called attempt time and its typical value
is ~ 10-9 to 10-10 s, and K is the anisotropy constant. When particles are in a viscous fluid,
the Brownian relaxation can also lead to energy absorption due to their rotational motion.
For this process the characteristic relaxation time,  B , is given by [3],

B 

4 VH
k BT

(2.14)

where η is the viscosity and VH is the hydrodynamic volume of the nanoparticles. The
effective relaxation time τ which includes the Néel and Brownian relaxation times can be
calculated from

   N B /( B   N )

(2.15)

The smaller of Néel or Brownian relaxation times will dominate the resultant relaxation
time. The power dissipated by the nanoparticles is directly related to the dissipative
component of the ferrofluid susceptibility, which is directly related to the relaxation
processes of the nanoparticles according to Rosensweig [3] as,
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   H 2

P (T ) 

2


1  ( ) 2

(2.16)

Two interesting cases arise depending on the value of  . In the high frequency limit

  1, Eq. 2.16 reduces to
P   0 H 02  0

1
2

(2.17)

From the expression above we see that the power generated at high frequencies is
independent of the frequency ω.
In the low frequency limit   1 , the power is given by

P   0 H 02  0

 2
2

(2.18)

From the above two equations we see that the power depends upon the relaxation time in
very different ways at different frequencies. Since the relaxation time is a function of
temperature, the power generated is also a function of temperature.
The linear response theory, detailed above, assumes that the magnetic response is linear
with the applied magnetic field. This condition is satisfied if

 0 M SVH 0  k BT

(2.19)
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where,  0 is the vacuum permeability, Ms is the saturation magnetization, H0 is the
amplitude of the applied magnetic field, V is the volume of the magnetic nanoparticle,
and T is the absolute temperature.
With the onset of spin-glass-like state induced by the interparticle interactions in
concentrated magnetic nanoparticle systems, there will be deviations from the behavior
described by the Néel and Brown relaxation mechanisms and the form of the relaxation
time is changed to,

 (T )   0 exp[ E A / k B (T  T0 )]

(2.20)

This is known as the Vogel-Fulcher law for the relaxation time in the weak interaction
limit (TB>>T0), where TB is the blocking temperature and T0 is an effective temperature
which accounts for the interaction effects [57].
The discussion so far deals with monodispersed nanoparticles. In reality,
however, there is a distribution of particle sizes as seen in transmission electron
microscopy (TEM) images. This leads to a distribution in the magnetic core sizes of the
nanoparticles.

The distribution in the magnetic core size enters into the saturation

magnetization of the material via


M (H )  M S

 f ( D)VL( x)dD
0


 f ( D)VdD
0

(2.21)
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where, L(x) = coth x 1/x is the Langevin function, x = MSVH/kBT, V = D3/6, Ms is the
saturation magnetization, and the particle diameter distribution, f(D).

Similarly the

incorporation of a size distribution transforms the P in Eq. 2.16 to P , the volumetric heat
release rate of a polydispersed sample:


P   Pf ( D)dD

(2.22)

0

Typically the size distributions follow a log-normal distribution. The log normal
distribution is given by

f ( D) 

 ln(D / D ) 2 
exp

2 2
2  D


1

(2.23)

where, Do is the most probable particle diameter and  is the width of the distribution.
The values of average particle diameter is given by, DTEM  D exp( / 2) , and the
2

2
standard deviation of the distribution by,  TEM  DTEM exp( )  1 . The SAR in W/g

is obtained from P (T ) /  Fe3O4 , where,  Fe O is the mean mass density of the
3

nanoparticles.
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CHAPTER 3

METHODS OF SYNTHESIS AND CHARACTERIZATION
OF Fe3O4 FERROFLUIDS

The nanocomposites or ferrofluids used in this thesis consist of a inorganic core
(Fe3O4) covered by a soft organic surfactant (dextran or PEG). A number of
nanocomposites can be synthesized using a combination of different magnetic cores and
polymer or surfactant functionalization as shown in Fig. 3.1. However, we will focus
primarily on nanocomposites formed using Fe3O4, dextran and PEG, as they form the
crux of this thesis.

Fig. 3.1 Illustration of different polymers and surfactants on nanoparticles [58]
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Dextran is a neutral branched polysaccharide which has been used extensively for
coating magnetic nanoparticles used in biomedical applications [58-60]. It is a naturally
occurring polymer consisting of glucose units and occurs in different sizes ranging from
10 to 150 kDa. Dextran coated iron oxide nanoparticles are now commercially available
for clinical uses. Polyethylene glycol (PEG) is a very popular surface functionalizing
agent for magnetic nanoparticles used in biomedical applications [59, 60]. It is a
hydrophilic, water soluble synthetic polymer with repeated units of –CH2-CH2-O-. They
form random coils with diameters much larger than that of proteins with similar
molecular weight. Once it is coated on a nanoparticle surface it acts as a steric repellant
for other particles. PEG can be treated with a wide range of terminal functional groups
allowing its attachment to a wide range of surfaces. PEG also acts as a stealth material,
preventing the nanoparticles from being detected by the human body for opsonization.
3.1. Crystal Structure of Fe3O4 and CoFe2O4
Bulk Fe3O4 (Magnetite) and CoFe2O4 adopt cubic inverse spinel crystal structure
(Fig. 3.1). Fe3O4 is characterized by two valence states: Fe2+ and Fe3+. The oxygen ions
are closed packed in a cubic arrangement while the Fe ions fill up the gaps in between.
There are two ways of arranging these ions: tetrahedral and octahedral arrangements. In
the tetrahedral arrangement the Fe2+ ion is surrounded by four oxygen atoms while in the
octahedral arrangement the Fe3+ion is surrounded by six oxygen atoms. The tetrahedral
and octahedral sites can be considered to form two sublattices A and B, with spins on
lattice A being antiparallel to those on lattice B. Complex exchange interactions arising
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from this arrangement leads to the ferrimagnetic nature of magnetite in its bulk form
below 858K [57].

Fig. 3.2 Crystal structure of AB2O4 showing the positions of octahedral and tetrahedral
positions of the metallic ion and that of oxygen [61]

Cobalt ferrite is a well known hard magnetic material with a high magnetic
anisotropy and moderate magnetization. These properties coupled with the possibility of
synthesizing single domain cobalt ferrite nanoparticles has led to the exploration of these
systems for the purposes of magnetic hyperthermia. Though cobalt ferrite is not the safest
option for biomedical uses, given its toxicity, recent studies have focused on making
hybrid core-shell materials using cobalt ferrite as a participating component in the
production of heat for the purposes of magnetic hyperthermia. In CoFe2O4, a certain
percentage of Co2+ ions (up to 24%) are able to replace the Fe3+ ions on the tetrahedral A
sites of the spinel lattice with the remaining Co2+ ions occupying the octahedral B site.
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The interactions between the cations in the tetrahedral and octahedral sites of the lattice
yield higher magnetocyrstalline anisotropy in CoFe2O4 than Fe3O4 [20].
3.2. Synthesis of magnetic ferrofluids
There are many different processes for the synthesis of magnetic nanoparticles
which include chemical co-precipitation, hydrothermal process, sol-gel reactions, polyol
methods, flow injection synthesis, electrochemical methods, aerosol/vapor method and
sonolysis [62]. However, chemical co-precipitation remains the most popular method due
to its inherent simplicity and the large amount of nanoparticles that can be produced. The
main disadvantage of this method is the particle size distribution. For the various
nanoparticles synthesized as a part of this thesis work, chemical co-precipitation was
used as the standard method of synthesis.
3.2.1 Synthesis of Fe3O4 and Co doped Fe3O4 nanoparticles
Fe3O4 nanoparticles were synthesized by a co-precipitation method. Aqueous
solutions of FeCl2·4H2O and FeCl3·6H2O [Fe2+: Fe3+= 1:2] were mixed under constant
magnetic stirring. Then a 1M NH4OH solution was added into the mixture producing a
brown precipitate that changes to black.

Complete precipitation of Fe3O4 occurred

between a pH of 8 and 14.
The chemical reaction occurs as follows:
Fe 2  2Fe 3  8OH   Fe3O4  4H 2 O

(3.1)
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The particles were collected using a neodymium magnet. Since the nanoparticles are
magnetic by nature, they separate out from the solution on being attracted by the magnet.
The nanoparticles were washed with deionized (DI) water several times until the
supernatant became neutral. The resultant material visibly looks like slurry. Several
samples of the slurry were then taken to quantify the amount of iron oxide in each gram
of the slurry. This estimate was then used in the preparation of ferrofluid of a particular
concentration. This method of calibration at the beginning of each synthesis procedure of
the ferrofluid eliminates uncertainties in reporting the concentration of the ferrofluid.
During the synthesis process, a simple way was identified to produce particles of
different mean sizes. Adding the ammonium hydroxide, as a trickle, using a pipette and
constantly stirring at moderate speeds of 250-350 rpm produced large nanoparticles.
These particles had an average particle size between 12 nm to 13 nm. However, if the
ammonium hydroxide was added all at once with a very high stirring rate of 800 rpm,
smaller sized particles with an average diameter of 10 nm was produced. In both the
cases mentioned above, after the addition of the ammonium hydroxide the mixture was
stirred continuously for 5 minutes before it was washed with DI water.
Co doped Fe3O4 nanoparticles were also synthesized using the co-precipitation
method. Aqueous solutions of CoCl2.6H2O, FeCl2·4H2O and FeCl3.6H2O were mixed in
stoichiometric ratios under constant magnetic stirring. Then a 1M NH4OH solution was
added slowly using a pipette into the mixture producing a brown precipitate that changes
to black. The reaction proceeds as follows
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2FeCl 3  6H 2O  0.9FeCl 2  4H 2O  0.1CoCl2  6H 2O  8NH 4OH
 Co0.1 Fe2.9 O4  8NH 4 Cl  20.2H 2 O

(3.2)

After synthesis, the nanoparticles were washed several times till the supernatant was
colorless.
3.2.2 Coating of Fe3O4 nanoparticles with Dextran
To coat with dextran, equal amounts of the nanoparticles (in the wet form) and
dextran were dissolved in 0.5M NaOH solution separately. The solution containing the
iron oxide nanoparticles was then added drop wise on to the dextran solution, which was
then sonicated for 30 hours. The addition has to proceed very slowly; else there is
agglomeration and the ferrofluid does not form properly.
3.2.3 Coating of Fe3O4 with PEG
1g of Fe3O4 nanoparticles, in the wet form, is taken in a 3 neck flask. 35 mL of
DI water is added to the flask and sonicated for an hour. The solution is vigorously stirred
(600 rpm) for 30 minutes under Argon protection. The iron oxide in the DI water is
heated to approximately 80-85 ºC. 1g of Na Oleate is dissolved in 5mL of DI water and
added to the three neck flask. The magnetic stirring is slowed down (200 rpm) and
surface modification is allowed to proceed for 30 minutes. The solution is cooled down
with constant stirring (200 rpm) to about 60 ºC. To this 0.75g of PEG 6000 is dissolved
in DI water and added to the three neck flask. The stirring rate is again increased to 600
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rpm and the temperature is increased to approximately 90-95 ºC. The solution is kept
under argon protection for 75 minutes. The ferrofluid is finally collected.
3.3. Structural Characterization
While x-ray diffraction (XRD) is used for identifying the material and
determining the average crystallite size, transmission electron microscopy helps us to
identify the morphology and determine the particle size distribution accurately. Colloidal
parameters, hydrodynamic size and zeta potential, are determined using dynamic light
scattering and mobility determination experiments.
3.3.1 X-ray diffraction
The basic crystal structure, crystallite size and presence of impurity phases can be
probed using XRD. A monochromatic beam of x-rays is incident on the material and the
scattered x-rays are collected as a function of the Bragg diffraction angle. A diffraction
peak is obtained whenever the scattered x-ray beam from a set of lattice planes satisfies
the Braggs condition, given by

2d hkl sin   n

(3.3a)

where, d hkl is the interplanar spacing between two consecutive planes characterized by
the Miller indices (hkl), θ is the Bragg diffraction angle and λ is the wavelength of the xrays used. For nanoparticles with a spherical morphology the crystallite size, D, can be
determined using the Debye-Scherer equation given below
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D

0.9
 cos 

(3.3b)

where, Γ is the full-width-at-half-maximum (FWHM) of the x-ray peak, and θ refers to
the angle specific to the peak
The XRD data was collected using a Rigaku Miniflex diffractometer operated at
40 kV and 15 mA with CuKα (1.54 Å) radiation. Structural phase of the synthesized
samples was determined using XRD at room temperature. For each sample the spectrum
is recorded over a range of 2 ( 20  80 ) values at a scan rate of 1o per minute and a
step size of 0.02º. The peaks were analyzed using the PeakFit program to estimate the
average crystallite size using the Debye-Scherer equation mentioned above. The XRD
profile was fitted with multiple Gaussian-Lorentzian peaks and the major peaks in the
spectrum were used to calculate the average crystallite size of the material.
3.3.2 Transmission Electron Microscopy
Nanoparticles can be imaged using transmission electron microscopy (TEM) to
obtain information about the morphology and size of the nanoparticles. TEM operates on
the same principles as that of an optical microscope. However, it uses high energy
electrons to image the nanoparticles. These electrons have very small wavelengths, which
enables them to overcome optical resolution limits in imaging very small objects. TEM
images were collected using JOEL HR TEM 2010, operated at 200 kV to image the
particles. The TEM samples were prepared by diluting the nanoparticles in alcohol to
very low concentrations (~250-500 μg/mL) and then placing a drop of that solution on a
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copper grid. The images were collected at different magnification and the corresponding
particle sizes were determined. A histogram of the particle size was then plotted and a log
normal function [Eq. (2.23)] was fitted to the data. From the log normal distribution, the
average size, the most probable size and the deviation were determined.
3.3.3 Zeta potential measurements
Ferrofluids or colloidal solutions consist of a nanocomposite of organic-inorganic
components. Typically there is a physically hard magnetic core (inorganic) and a soft
outer shell (organic). This gives rise to two aspects: surface charge and hydrodynamic
size of the nanoparticles. While the surface charge is related to colloidal stability, at the
nanometer scale, the magnetic nanoparticles are susceptible to the Stoke’s drag and
thermal randomization energy [63]. A particle in a ferrofluid has an electrical double
layer: a layer immediately on the surface of the particle and a layer of the opposite charge
surrounding it. A measure of the electrical potential at this double layer is called the Zeta
potential [18]. The higher the Zeta potential, the more stable is the ferrofluid. The
hydrodynamic size of nanoparticle in a ferrofluid is the size of a sphere that has the same
diffusion coefficient within the same viscous environment [63]. This is related to the
diffusive motion of the particles within the ferrofluid. Thus, it is necessary to obtain a
good estimate of the zeta potential and the hydrodynamic size. This section focuses on
explaining the zeta potential and its determination, while the next section describes the
use of dynamic light scattering (DLS) to determine the hydrodynamic size.
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Both the hydrodynamic size distribution and zeta potential measurements were
done using the Zetasizer Nano-ZS (Malvern Instruments) equipped with a 4-mW
helium/neon laser (633 nm) and a thermoelectric temperature controller. Ferrofluids were
diluted using DI water and the pH of the dilute solution was measured using pH paper.
Dilute solutions were loaded in appropriate cuvettes using sterile syringes and
preincubated at 25 ºC for 5 minutes before making measurements. At typical
concentrations of 50 μg/mL the liquid used for characterization was almost colorless.
The stability of ferrofluids results from the competition between attractive and
repulsive interactions among colloidal nanoparticles in the ferrofluid undergoing
Brownian motion due to thermal energy. According to the DLVO (Derjaguin, Verwey,
Landau and Overbeek) theory an energy barrier resulting from the repulsive force
between two particles prevents two particles from approaching one another and adhering
together. The repulsive interactions include steric and electrostatic interactions. This
prevents further aggregation or flocculation. The attractive interactions include non
magnetic van der Waals interactions and dipole-dipole interactions. To maintain the
stability of the ferrofluid we require that the repulsive forces are dominant. Steric
repulsion results from the addition of polymers to the nanocomposite. The thickness of
the polymer layers is sufficient enough to keep the particles separated over the weak van
der Waals force of attraction. Electrostatic or charge stabilization arises due to the
distribution of charged species in the system.
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Zeta potential () can be related to the colloidal stability of the ferrolfluid. The
Zeta potential of a dispersion of nanoparticles is measured by applying an electric field
across it. Charged particles will move towards the opposite electrode with a velocity
proportional to the magnitude of the Zeta potential [64, 65]. A frequency shift in the
incident laser beam caused by the moving particles is used to measure the particle
mobility. This mobility is then used to compute the Zeta potential based on the
Smoluchowski equation [64, 66],

v  E /  

(3.4)

where, v is the measured electrophoretic velocity,  is the viscosity,  is the electrical
permittivity of the solution and E is the electric field.
Colloids with a high zeta potential are electrically more stable, while those with a
low value tend to flocculate. Quoting the zeta potential without quoting the pH of the
solution is meaningless. This stems from the fact that adding more acid or base changes
the solution property. Addition of acids will cause a buildup of positive charge on the
particle while adding alkali results in the solution acquiring a negative charge. If the zeta
potential is plotted as a function of the pH, it would become evident that the zeta is
positive at low pH and lower or negative at high pH. [65]
3.3.3 Dynamic Light Scattering (DLS)
Dynamic light scattering is the most common method used for making reliable
estimates of the hydrodynamic sizes of the colloidal particles. It is also known as quasi-
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elastic light scattering or photon correlation spectroscopy. There are two distinct
advantages associated with the use of DLS to measure sizes: the measurement time is
short and the entire process is minimally labor intensive. During the measurement the
colloidal solution is exposed to a light beam and the scattered beam intensity is observed.
The electric field of the light beam interacts with the particles in the medium and leads to
a shift in the frequency and angular distribution of light.

Fig. 3.3 Typical experimental setup for the DLS experiment [63].
A typical arrangement of the dynamic light scattering experiment is shown in Fig.
3.4. The thermal motion of the nanoparticles in solution is random and the time
dependent fluctuations in the scattered light are measured. The main goal of the
experiment is to measure the diffusion coefficient of the particles in solution. To achieve
this the scattered light intensity is measured over a range of scattering angles θ for a
given time tk in steps of Δt. Typically in scattering experiments, the scattering angles θ is
expressed as a magnitude of the scattering wave vector q given by
q  (4n /  ) sin( / 2)

(3.5)
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where, n is the refractive index of the solution and λ is the wavelength of light in vacuum.
Due to the Brownian motion of the particles, the time dependent fluctuation I(q,t)
fluctuates around the average intensity I(q). A quantitative measure of the random
fluctuations is the second order correlation function given by
g 2 ( )  I (t ) I (t   ) / I (t )

2

(3.6)

The averaging is done over time. From the correlation function, the decay rate Γ is
determined using the equation

g 2 ( )  A   exp( 2 )

(3.7)

In the above expression A is the baseline at infinite decay and β is the amplitude at zero
decay. The diffusion constant is related to the decay rate by,

D   / q2

3.8)

Assuming spherical particles in Brownian motion, determination of the diffusion
constant, D, leads to the evaluation of the hydrodynamic radius, RH using the StokesEinstein equation given by [63],

RH  k BT / 6D

(3.9)

where, η is the viscosity of the medium, T is the absolute temperature and kB is the
Boltzmann constant. The DLS technique is very sensitive to the presence of small

40

aggregates due to the scattering intensity being proportional to the sixth power of the
particle radius.
3.4 Magnetic characterization
The magnetic properties (saturation magnetization, magnetic core radius,
coercivity, etc.) of the ferrofluids were determined using a Physical Property
Measurement System (Quantum Design Model 6000). The sample holders consisted of
small Stycast 1266 epoxy cylinders to allow temperature dependent measurements under
vacuum. Stycast 1266 (Emerson & Cumming) Part A and Part B were mixed slowly and
completely in the ratio of 1:0.28 by mass. The mixture was cast as cylinders using plastic
straws which were subsequently cut into smaller pieces about 12 mm to 18 mm long.
Using a drilling machine, small voids were created in these cylinders. Matching caps
about 4 mm to 6 mm were made using the same cylindrical epoxy casts. The surfaces of
the cylinder and caps were smoothed using etching paper. These were then washed in
deionized water in a sonicator and air-dried before use. Ferrofluid of a known
concentration was then sealed within the cylinder and let to cure for 24 hours. The
cylinder containing the sample was then loaded into a straw and stitched securely in
place. After further securing the sample with kapton tape, the straw is inserted into the
PPMS system to measure magnetization curves as a function of field or temperature.
3.4.1 Analysis of M-H Curves
As described in Section 2.2, M-H curves for an assembly of superparamagnetic
nanoparticles are characterized by a high saturation magnetization and no coercivity
above the blocking temperature. The curves can be analyzed to obtain magnetic core size
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and distribution. The magnetization depends upon the magnetic core size distribution and
is described by,


M (H )  M S

 f ( D)VL( x)dD
0


 f ( D)VdD

(3.10)

0

where, L(x) = coth x 1/x is the Langevin function, x = MSVH/kBT, V = D3/6, Ms is the
saturation magnetization, and the log-normal particle diameter distribution, f(D), is given
by Eq. (2.23). The first quadrant of the measured M-H curve is then fitted using Eq.
(3.10) to obtain , f(D), namely, Do and  in Eq. (2.23). This results in the extraction of
the saturation magnetization value as well as the magnetic core size distribution.
The sigmoidal shaped M-H curve, a signature of superparamagnetism, is possible
only at temperatures higher than the blocking temperature. With decrease of temperature
of measurement below the blocking temperature, the curve opens up to reveal a coercive
field. This coercive field is related to the anisotropy barrier which prevents the
nanoparticles from realigning with the change in the direction of the applied field. Based
on the Stoner-Wohlfrath model, an estimate of the coercive field is given by,

H C  2K / M S
where K is the effective anisotropy constant and Ms is the saturation magnetization.

(3.11)
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3.4.2 ZFC-FC Curve
DC magnetization measurements also include, what are called, ZFC (zero field
cooled) and FC (field cooled) measurements of magnetization as a function of
temperature. A typical ZFC –FC curve for ferrofluid is shown in the Fig. 3.4.

Fig.3.4. ZFC-FC Magnetization curves as a function of temperature [67]
In ZFC measurements the sample is first cooled without a polarizing field and
hence the moments are frozen in random directions below the blocking temperature (TB).
The magnetization is then measured using a small polarizing magnetic field (~ 100 Oe)
while warming up the sample. As the temperature increases, some of the particles gain
enough thermal energy to overcome the anisotropy barrier to show a net increase in
magnetization reaching a maximum value at TB, where, all the particles contribute to the
measured magnetization of the sample. If the sample is polydispersed, the ZFC curve
shows a broadening due to a distribution of TB. From the expression for Néel relaxation
of the magnetic nanoparticles, on choosing the relaxation time to be about 100 seconds
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and the constant  0  10 9 s , one can arrive at an approximate expression relating the
blocking temperature to the magnetic core volume and magnetic anisotropy given by

KV  25k BTB

(3.12)

where K is the anisotropy energy density, V is the magnetic core volume, kB is the
Boltzmann constant and TB is the blocking temperature. It is immediately clear that a
broad distribution of magnetic core sizes would lead to a broad distribution of the
blocking temperatures.
In the FC measurements, the sample is cooled in the presence of a small field (~
100 Oe) polarizing some of the moments along the field. Now, as the sample is warmed
up in the presence of a field, FC curve shows higher magnetization below TB compared to
ZFC curve. Above TB, both ZFC and FC curves show a decrease in magnetization
because of increased thermal fluctuations. The behavior is very similar to a system of
paramagnets and the magnetization is described by the

dependence on the temperature

T. This bifurcation of the ZFC and FC curves correspond to the temperature of magnetic
irreversibility.
3.5 Magnetic Hyperthermia Measurements
A schematic of the MHT system is shown in Fig. 3.5. The experimental setup
consists of a coil which can carry current provided by an amplifier. This coil, essentially
acting as an inductor of inductance L, is coupled in parallel to a capacitor of capacitance
C. This arrangement provides an oscillating magnetic field of a particular frequency; the
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amplitude being determined by the current through the coil and the frequency determined
by the values of L and C. The ferrofluid is placed within the coil and the temperature rise
is measured using a thermometer. An insulating cover is used to minimize any heat loss
from the sample to the surroundings

Fig 3.5: Schematic of the MHT system showing the coil coupled to a capacitor.

The magnetic hyperthermia measurements were performed using an Ambrell
Easy Heat station coupled with a simple solenoid. The solenoid is a part of a resonant
circuit, the frequency of which can be altered by switching different capacitor in the
circuit. The circuit is powered by a power amplifier which is a part of the station. By
varying the current through the circuit the power delivered to the coil can be controlled
and hence the magnitude of the magnetic field. The actual setup is shown in the Fig. 3.6.
The solenoid is cooled using circulating water from a portable water reservoir. The
magnetic hyperthermia measurements were carried out under ambient conditions. The
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magnetic field strengths were measured using a simple pick up coil of known mutual
inductance and measuring the induced emf using an oscilloscope. With the current set-up
magnetic fields of amplitude 140 Oe – 240 Oe can be generated at frequencies ranging
between 188 KHz to 375 KHz.

Fig 3.6: Ambrell Easy Heat System with coil, sample holder, insulating cotton padding,
and OPTOCON fiber optic thermometer.

The sample is taken in a small polystyrene vial padded all around, including the
top and the bottom, using a cotton sleeve. This was done to minimize the heat loss to the
surroundings. The sample holder was then placed inside the solenoid such that the entire
sample was well within the region of uniform magnetic field. This corresponds to the
sample height being approximately 3 cm in the sample holder, in our set-up. The
temperature of the sample was monitored using an Optocon P/N FOTEMP1-OEM fiber
optic thermometer interfaced to the computer for automatic data collection every 2 or 5
seconds.
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CHAPTER 4

TEMPERATURE DEPENDENT MAGNETIC
HYPERTHERMIA STUDIES OF DEXTRAN COATED
Fe3O4 FERROFLUIDS
As described in previous chapters, ferrofluids of Fe3O4 and γ-Fe2O3 have attracted
considerable attention for various biomedical applications including therapeutic MHT
[4], targeted drug delivery [11, 12] and magnetic resonance imaging [68] due to their biocompatibility and desirable superparamagnetic properties with high saturation
magnetization[69, 70]. One of the important factors in the clinical MHT applications of
magnetic nanoparticles is to be able to produce high specific absorption rate (SAR) in a
biofriendly frequency and magnetic field range. The advantage of high SAR is that it
allows a fine control of heat in the affected area which reduces the damage to the
surrounding healthy tissues. In addition, the large SAR values shorten the exposure time
and produce overall better efficiency in the heating process. The highest value for SAR
reported so far for iron oxide particles is about 900 W/g for magnetosomes [71, 72]. For
synthetic iron oxide nanoparticles the SAR values ranging from 150 – 400 W/g have been
reported for field strengths of 13-16 kA/m at frequencies of 25-400 kHz [19, 71].
The ability to achieve maximum power from an alternating field at low
frequencies (<106 Hz), depends on the magnetic losses which are determined by the
magnetic properties of the system, which includes magnetic crystalline anisotropy,
magnetic and physical volume of the particles, magnetization, and the rheological
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properties of the target medium (i.e. cell culture or tissue). The dissipation of heat by
supermagnetic nanoparticles under an applied AC magnetic field has been explained by
considering contributions from Néel (rotation of magnetic moment without particle
movement) and Brownian (physical rotation of the particle) relaxations [3]. Recently,
Lima et al [73] studied a series of magnetic nanoparticles and measured SAR as a
function of particle size of Fe3O4. They found that the average size, size distribution, and
magnetic anisotropy constant are the key parameters for producing optimum heating
efficiency. Using an applied field of 3 kA/m at 250 kHz, the authors found that the Néel
relaxation is dominant for particle size, d < 11 nm and Brownian relaxation dominates for
d = 20 nm while the two mechanisms compete for 11 nm < d < 13 nm. There have been
other studies aimed at understanding the dependence of SAR on the particle volume and
the carrier medium [35, 74, 75]. Both Gonzalez-Fernandez et al. [74] and GonzalesWeimuller et al. [75] showed that the SAR due to magnetic hyperthermia is strongly
dependent on the particle size.
A range of SAR values have been reported in literature and various experimental
conditions can be attributed to the scatter in the SAR values. At a given amplitude and
frequency of the magnetic field, the relaxation times and hence the SAR value depends
on a) the size of the nanoparticles, b) the distribution of the sizes, c) saturation
magnetization of the particles, d) magnetic anisotropy energy density and e) the viscosity
of the medium. There have been extensive studies reporting the effect of these parameters
on the measured SAR value [14, 35, 40, 73, 76].
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While there have been many MHT studies on Fe3O4 nanocomposites, there are
three important aspects which still require further attention. The first deals with the
temperature dependent behavior of magnetic nanoparticles. Proper estimates of SAR as a
function of temperature is essential to model the behavior of nanoparticles composites in
more complex scenarios presented to them in actual human tissues. The second aspect
deals with the materials property: magnetic anisotropy. An accurate estimate still eludes
researchers. The third aspect deals with explaining the difference between the physical
size of the magnetic nanoparticles, as measured by TEM, and the magnetic core size
derived from other magnetic measurements. The size, origin and role of magnetically
dead layers is crucial in the prediction of the thermal response of magnetic nanoparticles
composites in an AC magnetic field.
This chapter presents the results of our investigation on the temperature
dependence of power dissipation in ferrofluids, consisting of dextran coated
superparamagnetic Fe3O4 nanoparticles, for an external ac magnetic field of various
frequencies (188-375 kHz) and amplitudes (140-235 Oe). We demonstrate that a new and
simple way for accounting for heat loss in non adiabatic systems and compute the total
energy dissipation of magnetic nanoparticles placed in an AC magnetic field. The
experimental data for dc magnetization were fitted using a standard Langevin function
incorporating particle size distribution to obtain an estimate for the average size of the
magnetic core. Using the estimated value for the magnetic core, we fitted the temperature
dependent power dissipation in ferrofluid using a well known model by Rosensweig [3]
to determine the value of magnetic anisotropy constant of Fe3O4 nanoparticles.
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4.1. Synthesis and Structural Characterization
Fe3O4 nanoparticles were synthesized by a co-precipitation method, the details of
which are explained in chapter 3. The nanoparticles were repeatedly washed with
deionized water until the supernatant turned colorless. Two separate solutions were
prepared in 25 ml of 0.5M NaOH solution; one with 2g of iron oxide nanoparticles and
the other with 2g of dextran. The solution containing the iron oxide nanoparticles was
then added drop-wise to the dextran solution under constant stirring, which was then
sonicated for 24 hours. This produced a ferrofluid with about 34mg/ml of Fe3O4.
Figure 4.1 shows the XRD pattern of the nanoparticles. All the observed peaks
can be indexed to the Fe3O4 crystal structure with no evidence for the presence of other
crystalline impurity phases. Using several intense XRD peak and the Debye-Scherer
equation the crystallite size was determined to be around 11.4  0.6 nm.
TEM images (Fig.4.2) show that the particles are roughly spherical and
polydispersed. The particle size distribution was determined by measuring the size of the
particles from multiple images, sorting the sizes into a histogram, and fitting the
histogram data shown in Fig. 4.2 to a log-normal distribution function

 ln( D / D ) 2 
f ( D) 
exp 

2 2
2 D


1

(4.5)

where, Do is the most probable particle diameter and  is the width of the distribution.
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Figure 4.1. X-ray diffraction pattern for the lyophilized nanoparticle
sample indicating the Fe3O4 peaks.

Figure 4.2. (a) TEM image of Fe3O4 nanoparticles, (b) a high-resolution TEM image,
and (c) histogram of the particle size distribution and log-normal fits (solid line).
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The values of average particle diameter, DTEM  D exp( / 2) , and the standard
2

deviation of the distribution,  TEM  DTEM exp( )  1 , are 13.8 nm and 3.1,
2

respectively. This is slightly larger than the crystallite size determined by XRD, perhaps
due to the presence of an amorphous surface layer. We have synthesized and
characterized several batches of nanoparticles and their corresponding ferrofluids for
ensuring the reproducibility. Several TEM images of nanoparticles examined show
mostly spherical and polydispersed particles with some particles showing faceted growth.
The SAR values reported in this paper are consistent among different batches of
preparations and the small variations in their size distributions.
To characterize the nanoparticles composite in the fluid, DLS and zeta potential
measurements were carried out on the ferrofluid sample. The ferrofluid sample was
diluted to 50 μg/mL using DI water and the pH was measured to be 9.5. The average zeta
potential was measured to be -16 mV indicating a fairly stable ferrofluid even at dilute
suspensions. The average hydrodynamic size was measured to be ~100 nm, with a low
polydispersity index, indicating that the dextran had wrapped itself around the particle
core (~14 nm) aiding the formation of a stable ferrofluid. This estimation of the
hydrodynamic size is important to understand the contribution of Brownian relaxation to
the magnetic hyperthermia process.
4.2. Magnetic Characterization
Figure 4.3 shows the M-vs-H curve for Fe3O4 nanoparticles as well as the dextran
coated Fe3O4 ferrofluid sample measured at room temperature. The samples clearly
shows superparamagnetic behavior, with no coercivity, and the saturation magnetization
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was found to be  72 emu/g, which is less than that of the bulk Fe3O4 (Ms = 90-100
emu/g). The nanoparticles sample and the ferrofluid sample show slightly different
profiles for the M-vs-H curve. This indicates possible agglomeration in the nanoparticles
sample, leading to interparticle interactions.

Fig.4.3 The figure shows the M-vs-H curves for both bare Fe3O4
nanoparticles as well as the dextran coated Fe3O4ferrofluid.

Figure. 4.4 shows the theoretical fit using a Langevin function for the
magnetization as a function of H incorporating the particle size distribution using,[77]


M (H )  M S

 f ( D)VL( x)dD
0


 f ( D)VdD
0

(4.6)
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where, L(x) = coth x 1/x is the Langevin function, x = MSVH/kBT, V = D3/6, Ms is the
saturation magnetization, and the log-normal particle diameter distribution, f(D), is given
by Eq. (4.5). The inset in Fig. 4.4 shows the particle size distribution that fitted the M-vsH data shown.

Fig.4 .4 The figure show the M-vs-H curve and the theoretical fit. The inset
shows the resulting particle size distribution.

Using the Ms value from the dc measurements, we fitted M-vs-H curves for the whole
range of H values. From the fit, we find that the average particle diameter, Ddc = 10.6 nm,
and the standard deviation, dc = 2.1 nm. The magnetic core diameter of the particles is
smaller than the one measured by TEM indicating the presence of a surface layer of
noncollinear spins surrounding a ferromagnetically ordered Fe3O4 core. It has been
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reported that biocompatible coatings (surfactants and polymers) on iron oxide magnetic
nanoparticles interact with the surface atoms of the magnetic core to form a nonmagnetic
layer leading to a reduction in the total amount of magnetic phase. Further, it was shown
that the reduction of magnetic phase depends on the type of coating as well as the
solvents used [78]. Kodama et al have attributed the reduction of magnetization in
magnetic oxide nanoparticles to the existence of canted spins and/or a spin-glass-like
behavior of the surface spins [79]. As discussed below, this is also supported in the
magnetic hyperthermia measurements.
Figure 4.5 shows the ZFC-FC measurements carried out over a temperature range
of 100-300 K at a field of 100 Oe. The figure does not show the characteristic bifurcation
between the ZFC and FC curves that is seen in ideal superparamagnetic systems. The
ZFC curve shows a very broad peak which is an indication of a polydispersed sample.
The sudden increase in the magnetization at 273 K is an anomaly associated with the
freezing temperature of water, the medium in which the particles are suspended.
Assuming the standard relation (Eq. 3.12) between the anisotropy constant, volume and
the blocking temperature (choosing it to be ~204 K), using the size derived from TEM
measurements, we can deduce the anisotropy constant to be ~51 kJ/m3. This is a rough
estimate of the anisotropy constant due the broad nature of the peak considered.
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Fig. 4.5. Zero field cooled (ZFC) and field cooled (FC) magnetization data on dextran
coated Fe3O4 ferrofluid.

4.3. Magnetic Hyperthermia Measurements
For MHT measurements, the ferrofluid sample was loaded in a small plastic
container with cotton padding on all the sides. A fiber optic sensor was inserted through a
small aperture at the center of the top cover of the vial to make contact with the
ferrofluid. The magnetic hyperthermia measurements were made for the ferrofluids from
room temperature to about 50 oC, using ac magnetic field of amplitude 140 Oe - 240 Oe
at various driving frequencies ranging from 188 kHz to 375 kHz. To account for the heat
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loss to the environment, the cooling curves (temperature versus time) were measured,
immediately after the ac magnetic field was turned off.
Figure 4.6 shows the heating and cooling curves for the ferrofluid sample in an ac
magnetic field of 235 Oe amplitude and 375 kHz frequency. To check for possible heat
transfer from the magnetic coils to the sample, we have performed hyperthermia
measurements on water samples, without magnetic nanoparticles, in identical sample
holders under the same conditions. No temperature rise in the water samples was

Fig. 4.6. Temperature vs. time for heating under 375 kHz ac magnetic field of amplitude
235 Oe (filled circles and stars), and cooling in the absence of ac field (open circles).
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observed. Figure 4.7 shows the heating curves for the sample at different ac frequencies
and magnetic field amplitudes along with the data for water sample. In all of the
measurements the samples were heated from room temperature to 50 oC before they were
allowed to cool. The rate of cooling depends on the energy loss to the environment which
is related to the temperature difference between the environment and the sample.

Fig. 4.7. Plots of temperature-vs-time heating curves for different ac magnetic field
amplitudes and frequencies

In order to determine the specific power loss (SPL) for the non-adiabatic sample,
it is very important to get a good estimate for the temperature dependent heat losses, due
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to conduction, radiation and convection processes from the sample. This is a challenging
task due to the geometrical and dynamical environmental factors (local air currents and
temperature variations) around the sample. We estimated the combined value of these
losses by measuring the cooling temperatures of the samples as a function of time (Fig
4.6). The SPLCooling from the sample at a given temperature is then given by

SPLcooling 

M sample
mFe3O4

C

Tcooling
t

(4. 7)

The heating and cooling curves were fitted with exponential functions to obtain smooth
and continuous functions from which the time derivatives of temperature as a function of
temperature were determined. From the heating curve we determined the SARHeating as a
function of temperature using Eq. (4.4). This quantity does not include the heat losses to
the environment which can be calculated using cooling curve (Eq. (4)). Thus, the
corrected SAR as a function of temperature for the sample under investigation is given
by,
SARCorrected = SARHeating + SPLCooling

(4. 8)

Figure 4.8 shows the experimental SARHeating, SARCooling and SARCorrected or the
SARTotal as a function of temperature, calculated using Eq. (4.8). For a given frequency
and amplitude of the AC magnetic field, the observed SAR value decreases
monotonically with temperature.
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Fig. 4.8. Variation of specific absorption rates (SARHeating) and power loss (SPLCooling)
with temperature at 375 kHz ac field of amplitude 188 Oe) obtained using Eq. 4.7. The
SARCorrected = SARHeating + SPLCooling

Figure 4.9 shows the experimental SAR data (shown in symbols) as a function of
temperature for various amplitude and frequency AC fields used in the preset study. The
solid lines in Fig. 4.9 represent the theoretical fits as described below.
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Fig. 4.9. Variation of total specific absorption rate with temperature for different ac
magnetic field amplitudes and frequencies (symbols). The solid lines represent the fits
using Eq. (4.9).

We have investigated temperature dependence of SAR in our polydisperse
ferrofluid samples using linear response theory and the relaxation processes for the
magnetic moments [3]. The origin of heat generation from nanoparticles in a ferrofluid
subjected to alternating magnetic fields could be due to hysteresis and/or relaxation (Néel
or Brownian) losses. For our superparamagnetic nanoparticles there is no hysteresis loss
but the energy loss arises due to Néel and Brownian relaxations. For a polydisperse
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ferrofluid described by Eq. (4.2), the temperature dependence of volumetric heat release
rate can be calculated by,



P (T )  
0

   H 2
2


f ( D) dD
1  ( ) 2

(4.9)

and the SAR in W/g units is obtained from P (T ) /  Fe3O4 , where,  Fe O is the mean mass
3

4

density of the nanoparticles.
The nanoparticle size distribution and the magnetic anisotropy constant affect
both the quantitative and qualitative temperature dependent behavior of SAR. We have
fitted our experimental data shown in Fig.4.7 using Eq. (4.9), by taking into account the
polydispersity of the nanoparticles in the ferrofluid, with an average diameter of 10.6 
2.1 nm as determined by the dc magnetization measurements described above.

The

viscosity of the medium was taken to be 10-3 Pas and the hydrodynamic radius of the
coated particles was estimated to be  50 nm from dynamic light scattering experiment.
These physical parameters yield B ~105 s and N ~108 s at room temperature. Thus the
Néel relaxation is the dominant process in the ferrofluids investigated in this work. For
the nanoparticle size distribution and the temperature range we considered, the magnetic
anisotropy energy is comparable to the thermal energy and hence increasing the
temperature makes it less favorable for the superparamagnetic moments to align with the
applied field.
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In the temperature range we studied, both   (Fig. 4.10), N andB (Fig. 4.11 on
semi-log scale) decrease with increasing temperature leading to a monotonous decrease
in SAR (Fig. 4.8). The magnetic anisotropy constant K was determined by obtaining the
best fit of the temperature dependence of SAR data at various frequencies and amplitudes
to Eq. (4.9). The theoretical fits to the experimental data are shown in Fig. 4.9. We find a
value of K = 18 ± 2 kJ/m3 in agreement with other values given in the literature [3].

Fig. 4.10 Variation of χ0 with temperature
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Fig. 4.11 Variation of Néel relaxation time with temperature for anisotropy energy
density, K=20 KJ/m3 and magnetic core size, d =10.6 nm

4.4. CONCLUSIONS
We have investigated temperature dependent SAR for ferrofluids, consisting of
dextran coated superparamagnetic Fe3O4 nanoparticles, using an ac magnetic field at
different frequencies and magnetic fields. We found the SAR, corrected for heat loss
from the sample, decreases monotonically with increasing temperature. The nanoparticles
in our ferrofluids are polydispersed and follow a log-normal distribution with an average
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particle diameter of 13.83.1 nm as determined from the TEM data. Using dc
magnetization data, we estimated their average diameter to be 10.6  2.1 nm, which is
smaller than the one determined from the TEM data. This is an indication of the presence
of a finite surface layer (~ 1 nm thickness) of non-aligned spins surrounding the
ferromagnetically aligned Fe3O4 core. Knowing the magnetic core size distribution, we
determined the magnetic anisotropy constant, K, by fitting the temperature dependent
SAR data using linear response theory and relaxation dissipation mechanisms. For our
polydispersed ferrofluids, we find the power dissipation is mainly determined by the Néel
relaxation. The best theoretical fit yields a value of K 18 ± 2 kJ/m3, which agrees well
with the values reported in the literature. This is small compared to the order of
magnitude estimate obtained from the ZFC-FC measurements (~51 kJ/ m3). We have
used these results to predict and test the size dependence of magnetic hyperemia of
dextran coated Fe3O4 ferrofluids in Chapter 5. Some of the results mentioned in this study
have appeared in Nemala et al.[80]
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CHAPTER 5

SIZE DEPENDENT MAGNETIC HYPERTHERMIA
STUDIES OF DEXTRAN COATED Fe3O4 FERROFLUIDS

One of the major goals of researchers working with magnetic hyperthermia has
been to increase the SAR within the acceptable norms of field amplitude and frequency.
The SAR of these nanoparticles systems does depend not only upon the amplitude and
frequency of the applied AC magnetic field, but also on the material properties
(saturation magnetization, anisotropy, viscosity and surfactants used) as well as the
particle size and size distribution. There have been various studies, both experimental as
well as theoretical, trying to understand the behavior of nanoparticles systems of various
sizes in an applied AC field. The motivation of several of these studies has been to
quantify and predict the SAR as a function of the material, particle size and distribution.
While exploring the efficacy of a particular ferrofluid for use in magnetic
hyperthermia, it is important to understand the role of the size and size distribution of
particles in the heat generation and dissipation. This stems from the fact that the power
depends upon the relaxation times: Néel and Brownian. There are three different types of
particle sizes that need to be characterized. They are: the physical size (dP), the
hydrodynamic size (dH) and the magnetic core size (dM). Each of these is determined
either from microscopy, light scattering or magnetic measurements respectively. The
interplay of the three different types of particle sizes along with the associated size
distribution plays an important role in determining the power delivered per unit mass of
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the particles when placed in an AC magnetic field. The magnetic core size becomes
important while dealing with the Néel relaxation process, while the hydrodynamic size
becomes important for the Brownian relaxation process.
One of the earliest studies done on the effect of particle size on SAR in Fe3O4
particles was done by Ma et al.[81]. They studied the SAR values of aqueous suspensions
of Fe3O4 nanoparticles placed in a magnetic field, of amplitude 32.5 kA/m and frequency
of 80 kHz. The heat generation properties of these particles were studied over a wide
range of particle sizes (7.5 nm to 416 nm). They found that the SAR increased with
increasing the particle size from 15.6 W/[g of Fe] to 28.9 W/ [g of Fe]. A significant
outcome of their study was the realization that the power loss for particle sizes between
7.5 nm and 13 nm can be attributed to both Néel and Brownian relaxation processes
while for the particle size between 46 nm to 416 nm can be attributed to the hysteresis
losses.
A very systematic study was carried out by Gonzales-Weimuller et al. [14] on
Pluronic F127 coated iron oxide nanoparticles synthesized by thermal decomposition of
organometallics. While the physical size measured using the TEM ranged from 5 nm to
14 nm, the magnetic core size determined by fitting the magnetic data to a lognormal
distribution varied from 4.6 nm to 9.6 nm. The SAR values for particles with sizes
between 10 nm to 14 nm showed an increase from 130 to 447 W/g using an AC magnetic
field of amplitude 24.5 kA/m and a frequency of 400 kHz. This study identifies two
important results: the presence of a magnetically dead layer and the increase of SAR with
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size. The authors suggest that by increasing the magnetic core size to approximately 12.5
nm, a maximum SAR is achieved.
Jeun et al.[82] synthesized aqueous ferrofluids of dimercaptosuccinic acid coated
Fe3O4 nanoparticles by the thermal decomposition method and carried a size dependent
study (4.2 nm to 22.5 nm) to explore the relationship between the magnetic phase of the
nanoparticles and SAR. The authors were able to identify three distinct phases associated
with the magnetic nanoparticles: pure ferromagnetic iron oxide nanoparticles (FMIONs),
a purely superparamagnetic iron oxide nanoparticles phase (SPIONs) and a mixed phase
(consisting of both SPIONs and FMIONs). Particles with a size less than 9.8 nm were
classified as SPIONs and particles with size greater than 16.5 nm were classified as
FMIONs. At an applied field of 140 Oe and 110 kHz, the SPIONs showed a SAR less
than 45 W/g while the FMIONs showed values greater than 300 W/g. The SAR value
measured in the mixed phase ranged between 150 W/g to 249 W/g. The SPIONs were
characterized by a zero DC hysteresis curve and the heat loss was mainly due to the Néel
relaxation process. In the other phase the Néel contribution decreased as the particle size
increased and heat dissipation due to hysteresis set in.
Lima Jr et al. [73] performed a systematic experimental and theoretical study of
iron oxide nanoparticles synthesized using the thermal decomposition method in the
presence of organic surfactants. The size of the nanoparticles ranged from 3 to 23 nm
with different degrees of polydispersity. The authors determined the SAR values from the
initial slope of the heating curves without any correction for energy loss to the
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surroundings. The experimental results were analyzed using the linear response theory
outlined in Rosensweig [3]. Under the given experimental conditions (f = 250 kHz and H
= 13 kA/m), they found that the relaxation processes for particles of sizes less than 11 nm
were completely dominated by Néel relaxation whereas in particles greater than 20 nm in
size the relaxation was predominantly Brownian process. In between 11 nm and 13 nm
the two processes competed with each other giving a maximum value of 344 W/g for the
sample with an average size of 12 nm. In a more recent study by Yamamoto et al. [83], a
study similar to the one mentioned above was done on iron oxide nanoparticles with sizes
between 9 nm to 15 nm and a narrow dispersion σ ~ 0.1. Their results also showed an
increase in SAR with the particle size and the presence of a magnetically frustrated layer.
The authors point out that the synthesis method where there is no surface degradation is
of utmost importance for tailoring magnetic nanoparticles for the purposes of magnetic
hyperthermia.
More recently, Çelik et al.[84] studied the size dependent heating ability of cobalt
ferrite nanoparticles synthesized by the thermal decomposition of metal-acetylacetonate
method and suspended in different kinds of organic surfactants. The TEM sizes of these
nanoparticles were fitted to a lognormal distribution and the sizes were reported to be 5.4
± 0.2 nm, 9.3 ±0.2 nm, 9.9 ± 0.3 nm. It was observed that with an increase in particle
size, the saturation magnetization, blocking temperature and the observed SAR increased.
The magnetic hyperthermia measurements were carried out at field amplitude of 3.2
kA/m and a frequency of 571 kHz. The SAR value increased from 1 W/g to 22 W/g as
the particle size increased. They were able to demonstrate through magnetothermal
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characterization that both Néel and Brownian relaxation processes can contribute to the
hyperthermia response.
There have been a few studies focusing on doping other metallic atoms into the
Fe3O4 structure with an aim to enhance the SAR. Drake et al. [85] have doped gadolinium
in iron oxide nanoparticles to be tested for tumor therapy in magnetic hyperthermia. 13
nm size particles with composition Gd0.02Fe2.98O4 were prepared using the coprecipitation
method and coated with dextran. Magnetic hyperthermia measurements in a field of
amplitude 246 Oe and 52 kHz were carried out to quantify the SAR to be 36 W/g of Fe.
Mouse models treated with these nanoparticles responded better by demonstrating slower
tumor growth. Nikam et al.[86] synthesized Co0.5Zn0.5Fe2O4 by chemical coprecipitation
method and showed that a moderately high SAR could be achieved for magnetic
hyperthermia. The nanoparticles were nearly spherical in shape and roughly 19 nm in
size. A 5 mg/ml solution of these particles in water produced a SAR of ~115 W/g in a
magnetic field of amplitude 335.2 Oe and a frequency of 265 kHz. Fantechi et al. [87]
synthesized 8 nm sized particles of nonstoichiometric cobalt ferrite (CoxFe3-xO4) using the
thermal decomposition method and their magnetic hyperthermia efficiency was tested in
an alternating field of amplitude 12 kA/m and a frequency of 183 kHz. The SAR values
showed a non monotonic increase with increasing x, with a maximum value of ~40 W/g
at x = 0.6.
From the studies summarized above, it is clear that there are three possible ways
to increase the SAR: increasing the saturation magnetization, anisotropy energy density
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and the particle size and its distribution (polydispersity). To independently test these
hypotheses we carried out numerical simulations, using the linear response theory along
with the Drude model as outlined in Rosensweig [3] to predict the SAR dependence on
particle size of magnetic nanoparticles. We have carried out the simulation of SAR as a
function of temperature by varying parameters like saturation magnetization (Ms), particle
size distribution (, and magnetic anisotropy constant (K). While there is an extensive
literature addressing the issue of magnetic hyperthermia in different nanocomposite
systems, it only behoves that an integrated approach of experimentation, thermal
modeling, and simulation of the physical processes involved contributes to the further
understanding in the field.

5.1. Theoretical prediction of SAR as a function of the particle size
In this section we simulate the magnetic response of a ferrofluid placed in an AC
magnetic field using the linear response theory along with the Drude model for relaxation
of the particles. The simulations of SAR as a function of particle size were carried out
using the parameters (Ms, K,  obtained using the experimental data from the previous
chapter. Figure 5.1 shows the theoretical simulation of SAR as a function of the magnetic
core size of Fe3O4 nanoparticles in an AC magnetic field (235 Oe and a frequency of 375
kHz) at a temperature of 298 K. The simulation was carried out assuming that the
nanoparticles are spherical in shape. The SAR was computed by incorporating a log
normal distribution with σ = 0.19, anisotropy energy density K =18 kJ/ m3 and a
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saturation magnetization of ~72 emu/g (φ = 0.78). The theoretical curve, with the set
parameters used, peaks at 14.4 nm indicating the maximum power

Fig 5.1 SAR as a function of particle size with a log normal distribution. The red
dot corresponds to the experimental data. The parameters used are T = 298 K, H =
235 Oe, f = 375 kHz, K = 18 kJ/m3, φ = 0.78 and σ = 0.19 in the lognormal
distribution.
output. This particular size for maximum SAR value should be identified as the magnetic
core size of the particle and not as the physical size of the particle. The red dot
corresponds to the experimental SAR data, as described in Chapter 4 for the dextran
coated Fe3O4 ferrofluids, at a field of 235 Oe and a frequency of 375 kHz. The SAR
value determined experimentally was ~ 90 W/g for an average magnetic core size of
~10.6 nm. In order to increase SAR values, the simulations clearly predict that the size of
the particle has to be increased to around 14 to 15 nm.
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In general, ferrofluid samples are characterized by some polydispersity arising from
crystallite sizes, shapes, and the nature of surface coatings. In particular, those
synthesized by the chemical coprecipitation route are identified with higher degrees of
polydispersity owing to the poor control of various factors affecting the particle growth.
The distribution of particle size in these samples have typically a lognormal distribution
and have been known to affect the SAR values. Accurate measurement of the particle
size distribution is essential to quantify the efficiency of the magnetic hyperthermia
process. Figure 5.2 shows the effect of polydispersity on the measured SAR. For a
monodisperse sample with σ = 0, the distribution of SAR values as a

Fig 5.2 SAR as a function of particle size with different log normal distributions (red, σ
= 0; green, σ = 0.15; blue, σ = 0.18; black, σ = 0.30). The red dot corresponds to the
experimental data. The parameters used are T = 298 K, H = 235 Oe, f = 375 kHz, K =
18 kJ/m3, and φ =0 .78.
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function of the particle size is narrow and shows a SAR of ~733 W/g at 14.8 nm. As the
polydispersity index σ is increased, a drastic reduction in the maximum SAR value is
seen, accompanied with a broadening of the peak profiles. The simulations clearly predict
that a polydisperse sample with a narrower size distribution (smaller non-zero σ) has
higher SAR value compared to a sample with a broader particle size distribution .
The hyperthermia response of magnetic nanoparticles is entwined not only with
their particle size and distribution, but also with their magnetic properties, namely,
saturation magnetization and magnetic anisotropy. Effective magnetic anisotropy, K,
(which is encountered in the expression for Néel relaxation) determines the barrier
between the two energy states that are accessible to the magnetic nanoparticles in an AC

Fig 5.3 SAR as a function of particle size with different anisotropy energy
density, K in units of kJ/m3 (red, K = 12; green, K = 15; blue, K = 18; black, K =
21). The red dot corresponds to the experimental data. The parameters used are
T = 298 K, H = 235 Oe, f = 375 kHz, φ = 0.78, and σ = 0.19.
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magnetic field. Figure 5.3 shows the results of numerical simulations

of SAR for

different values of K ( = 12, 15, 18 and 21 kJ/m3). The results are shown for a field of 235
Oe and 375 kHz. With increasing K, it is seen that the peak of the SAR distribution
profile shifts to lower particle sizes and the peak SAR value decreases. The red dot
corresponds to the experimental data. These simulations clearly predict an increase of
SAR with increase in K, for particle size in the range of 10 nm - 14 nm (for a given σ).
It is known from various studies in literature that magnetic nanoparticles, in
general, show a reduced saturation magnetization compared to the corresponding value
for the bulk material. For example, Baaziz et al. [88] synthesized magnetic iron oxide
nanoparticles of sizes 4-28 nm by the thermal decomposition method to understand the
effects of oxidation, surface spin canting and volume spin canting on the saturation
magnetization. They found three distinct regimes due to different reasons for reduced
saturation magnetization. For small nanoparticles, they attributed the reduction in
saturation magnetization mainly to spin canting, and for large nanoparticles the reduction
was attributed to the presence of the oxidized shell thickness, defects and surface spin
canting. For nanoparticles of intermediate sizes, they attribute the reduction in the
saturation magnetization to both surface and volume spin canting. Therefore, surface or
volume effects can either increase the saturation magnetization or decrease it, resulting in
an increased or decreased SAR.
Figure 5.4 shows simulations of SAR as a function of particle size with different
values of φ, defined as the ratio of the saturation magnetization of the ferrofluid
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(measured per gram of Fe3O4 in the ferrofluid sample) to the domain magnetization (bulk
saturation magnetization of Fe3O4 = 466 Am2/kg) . The curves shown in the figure
correspond to φ = 0.6, 0.7, 0.8. and 0.9.

Fig 5.4 SAR as a function of particle size with different values for φ (red, φ = 0.6;
green, φ = 0.7; black, φ = 0.8, blue, φ = 0.9). The red dot corresponds to the
experimental data. The parameters used are T = 298 K, H = 235 Oe, f = 375 kHz,
K = 18 kJ/m3, and σ = 0.19.

For a chosen particle size and its distribution, the simulations clearly predict that
SAR increases with φ. The red dot correspond to the experimental data from Chapter 4.
For particle size well below the peak value, the dependence of SAR on φ is somewhat
less stark than near the peak particle size.
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Based on the numerical/theoretical investigations presented above, we set about to
synthesize Fe3O4 nanoparticles of different sizes and distributions. We have adopted the
simple coprecipitation method for the purposes of synthesis and stabilized these
nanoparticles by coating them with Dextran. Structural and magnetic characterizations,
and magnetic hyperthermia measurements were carried out on these systems and the
temperature dependent SAR data was analyzed with the methods described in Chapter 4.

5.2. Synthesis of Fe3O4 nanoparticles of different sizes
Fe3O4 nanoparticles were synthesized by a co-precipitation method as described
in Chapter 4. Briefly, aqueous solutions of FeCl24H2O and FeCl36H2O [Fe2+: Fe3+ =
1:2] were mixed under constant stirring (~300-350 rpm). Then a 1M NH4OH solution
was added drop-wise into the mixture producing a brown precipitate of nanoparticles that
changes to black color. The nanoparticles were repeatedly washed with deionized water
until the supernatant turned colorless. As presented in Chapter 4, this resulted in the
production of nanoparticles with an average crystallite size of 11.4  0.6 nm. To obtain
smaller size particles the process mentioned above was adopted but with the stirring
speed increased to 800 rpm. To obtain larger size particles, after the complete addition of
ammonium hydroxide, the nanoparticles in solution was continuously stirred for 3 hours
with the solution temperature held at 75 ºC – 80 ºC. The nanoparticles were coated with
Dextran following the same process described in Chapter 4 on synthesis and
characterization.

5.3. Structural and Magnetic Characterization Fe3O4 nanoparticles
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The samples were named S1, S2 (from Chapter 4) and S3 corresponding to three
different XRD crystallite sizes in increasing order: 9.7 ± 0.3 nm, 11.4 ± 0.6 nm, 12.7 ±
0.4 nm [see Table 5.1]. The XRD patterns of samples S1 and S3 are shown in two
figures: Fig 5.5 (25o < < 50o) and Fig 5.6 (50o < < 70o) for better clarity. All of the
peaks can be identified with the crystalline Fe3O4 spinel structure. The intensity profiles
were fitted with Gauss-Lorentzian peak shapes and the fitted peak positions and full
width at half maxima were used to calculate the mean crystallite sizes using the DebyeScherer equation. In the Debye-Scherer equation the “full width at half maximum
(FWHM)” of the peaks occur in the denominator. Thus, a sample with smaller particle
size would have a larger FWHM and vice versa.

Fig. 5.5 XRD patterns of Fe3O4 nanoparticles (sample S1 and S3) in
25o < < 50o region.
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Fig. 5.6 XRD XRD patterns of Fe3O4 nanoparticles (sample S1 and S3) in 50o < < 70o
region.

Hysteresis loops for the various samples were recorded at 300 K using a Physical
Property Measurement System, by enclosing the ferrofluid samples in a stycast capsules
(using the procedure described in an earlier chapter). The magnetic moment was recorded
as function of the applied field; the field being swept from -10 kOe to +10 kOe. The
experimental data was fitted to the standard Langevin function to obtain the saturation
magnetization and magnetic core size distribution. The experimental data along with the
theoretical fits are shown in Fig. 5.7. It is seen that the saturation magnetization increases
with increase in particle size.
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Fig. 5.7 M-vs-H curve for samples S1, S2 and S3 along with the
theoretical fits. The symbols represent the experimental data and the solid
lines represent the theoretical fits.
The fit parameters for the three different M-vs-H curves are given in Table 5.1.
Table 5.1 Particle size/distribution, saturation magnetization and zeta potential values of
ferrofluid samples.

†

Sample

DP (nm)
(XRD)

Zeta
Potentia
l† (mV)

DH†
(nm)

Ms*
(emu/g)

Do*
(nm)

σ*

Davg*
(nm)

S1

9.7±0.3

-16

101

65±3

9.4

0.20

9.6±1.9

S2

11.4±0.6

-17

103

72±4

10.5

0.24

10.8±2.6

S3

12.7±0.4

-24

104

79±4

11.2

0.28

11.7±3.3

Zeta potential and hydrodynamic size are measured at pH 9.5
Saturation magnetization at 300 K and lognormal function parameters from M-vs-H fits

*
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It is evident that as the particle size increases, both saturation magnetization as
well as magnetic core size increase. The saturation magnetizations of these samples are
smaller than the bulk value of Fe3O4 (~90 - 95 emu/g), indicating the presence of a
magnetic “dead layer” as seen in other experimental studies before.
The M-vs-H for the three different samples is plotted in Fig. 5.8. by normalizing
the magnetization of a sample with its respective saturation magnetization. This helps us

Fig. 5.8 M-vs-H curve for samples S1, S2 and S3 with the
magnetization normalized using the saturation magnetization for the
three different samples.
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to clearly see the difference in the profiles for the three different samples. From theory,
we would expect the sample with the largest saturation magnetization to have the largest
magnetic response and hence the highest SAR value. To test this prediction we have
performed magnetic hyperthermia measurements on the three different ferrofluid
samples.

5.4. Magnetic Hyperthermia measurements Fe3O4 nanoparticles
Magnetic hyperthermia measurements were carried out on the ferrofluid samples
using at a field of 235 Oe and at two different frequencies 375 kHz and 270 kHz. The
heating curves for samples S1, S2 and S3 are shown in Fig. 5.9 (a) and 5.9 (b). It can be
observed that the time taken for the samples to reach 50 ºC is shorter at 375 kHz
compared to 270 kHz data.
From these heating curves the SAR values were obtained as a function of
temperature without taking into account any thermal losses due non-adiabatic condition
of the samples. From the cooling curve the correction to this thermal loss is determined to
obtain the corrected SAR as a function of temperature. The corrected SAR values (for the
samples S1, S2 and S3) at different frequencies are shown in Fig. 5.10 (a) and Fig. 5.10
(b). It is observed that the SAR values monotonically decreases with the temperature.
similar to the Neel relaxation time and susceptibility. Within either Fig. 5.10 (a) or Fig.
5.10 (b), it is seen that the SAR increases with increase in particle size when going from
sample S1 to S2. However there is no change on going from sample S2 to S3. Comparing
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Fig 5.9 (a) Heating curves of S1, S2 and S3 at 235 Oe and 375 kHz

Fig 5.9 (b) Heating curves of S1, S2 and S3 at 235 Oe and 270 kHz
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Fig 5.10 (a) SAR as function of temperature for samples S1, S2 and S3 at 235 Oe and
375 kHz.

Fig 5.10 (b) SAR as function of temperature for samples S1, S2 and S3 at 235 Oe and
270 kHz
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Fig. 5.10(a) and Fig. 5.10(b), as expected we see that the SAR is higher in the case of the
magnetic field at higher frequency.
The MHT data was fitted using the linear response theory along with the Drude
model for relaxation as outlined in Rosensweig [3]. The magnetic core size and
distribution obtained by fitting the M-vs-H data with the Langevin function were used as
a starting point for the fits. The total SAR as a function of temperature over the entire
range (25 ºC to 50 ºC) was fitted for all the three samples for the field of 235 Oe and at
two different frequencies of 375 kHz and 270 kHz. A lognormal distribution was
incorporated in the simulation to obtain the particle size and distribution. Guided by the
fits of the M-vs-H fits, the value of effective anisotropy energy density, K, was teased out
of the MHT fits. The average MHT fit values for each of the three samples are shown in
Table 5.2. The saturation magnetization and the core size distribution obtained from the
M-vs-H curve fits are shown in Table 5.2 for comparison.

Table 5.2 Magnetic parameters obtained by fitting the M-vs-H curve and fitting magnetic
hyperthermia measurements using LRT

(MHT)

K†
(kJ/m3)

9.4

0.20

18 ± 1

0.24

10.5

0.24

18 ± 1

0.28

11.2

0.32

12 ± 1

D0

Magnetic) (MHT)
(nm)

Sample

Ms
(emu/g)

D0
(nm)

S1

65 ± 3

9.4

0.20

S2

72 ± 4

10.5

S3

79 ± 5

11.2

†

Effective anisotropy energy density obtained from the fits
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From the analysis of M-vs-H data and the theoretical fits to the SAR curves, we
see that the SAR is dependent on four important factors: the saturation magnetization, the
magnetic anisotropy constant, the magnetic core size, and the dispersion in the size
distribution. While sample S3 has the highest saturation magnetization, we see that it is
accompanied by a higher dispersion in the magnetic core size as well as a relatively
smaller anisotropy energy density. Therefore we observe a lower value of SAR for S3.
This anomaly in the sample S3 behavior can be attributed to the synthesis method, where
the sample was prepared at an elevated temperature, whereas S1 and S2 were synthesized
at room temperature.

5.5. Cobalt doping of Fe3O4 to control magnetic anisotropy
Doping of cobalt in Fe3O4 nanoparticles is expected to affect the magnetism of the
material in two different ways: reducing the saturation magnetization and increasing the
magnetic anisotropy energy density. On substituting with Cobalt, we are effectively
replacing the Fe2+ ions with Co2+ ions in tetrahedral sites. While bulk Fe3O4 shows a
magnetization of 90-100 emu/g, CoFe2O4 shows a magnetization of 80-94 emu/g [21].
The effective magnetic anisotropy changes from approximately 20 kJ/m3 to 380 kJ/m3 on
going from iron oxide to cobalt ferrite [89] [90]. Furthermore, the surface effects could
also affect the value of saturation magnetization and the anisotropy energy density at the
nanometer scale. Therefore substitution of cobalt ions will affect the Neel relaxation time
and hence the SAR values in Co substituted Fe3O4 nanoparticles.
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Co doped Fe3O4 nanoparticles were synthesized using the co-precipitation
method. Aqueous solutions of CoCl26H2O, FeCl24H2O and FeCl36H2O were mixed in
stoichiometric ratios (Co0.1Fe2.9O4), under constant magnetic stirring. Then a 1M NH4OH
solution was added slowly using a pipette into the mixture producing a brown precipitate
that changes to black. The reaction proceeds as follows

2FeCl 3  6H 2O  0.9FeCl 2  4H 2O  0.1CoCl2  6H 2O  8NH 4OH
 Co0.1 Fe2.9 O4  8NH 4 Cl  20.2H 2 O

(3.2)

During the entire process, the temperature of the solution was kept between 75 ºC to 80
ºC because room temperature synthesis in a smaller size particles. After the addition of
ammonium hydroxide the mixture was kept stirring at the same temperature for 3 hours.
After the synthesis, the nanoparticles were washed several times till the supernatant was
colorless. The nanoparticles were coated with dextran following the procedure mentioned
in chapter on synthesis and characterization.
The XRD profile of Co doped Fe3O4 is shown in Fig. 5.11. The XRD image of
Fe3O4 nanoparticles with a similar size distribution (9.7 ± 0.3 nm) is shown for
comparison. After fitting the major peaks with a Gaussian-Lorentzian profiles, the
average crystallite size of the Co doped Fe3O4 nanoparticles was determined to be 10.4 ±
0.7 nm. It is seen that both the profiles can be indexed to the spinel structure showing the
substitution of the cobalt ions.
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Fig. 5.11 XRD profiles of Fe3O4 and Co doped Fe3O4 showing the peaks
corresponding to the spinel structure.

Zeta potential measurements of the dextran coated Co doped Fe3O4 showed that
ferrofluid formed a stable solution with an average zeta potential of - 27 mV. The
hydrodynamic size of the nanoparticles in the ferrofluid was measured to be ~78 nm
indicating that the amount of dextran covering the magnetic nanoparticles in this case is
less compared to that of bare Fe3O4 nanoparticles. This smaller hydrodynamic size can
possibly be attributed to the different surface chemistry brought about by the substitution
of the cobalt ions into Fe3O4.
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The magnetization data (M-vs-H) was obtained using the PPMS at 300 K is shown in Fig.
5.12. It is known that the substitution of the cobalt ions for iron, results in a decrease in
the saturation magnetization and an increase in the magnetic anisotropy. The M-vs-H
curve was fitted with the Langevin function by incorporating a lognormal distribution for
the particle size. The analysis of the MH data shows the saturation magnetization to be 57
emu/g and a magnetic core size of 7.7 ± 2.8 nm. Similar to the Fe3O4 nanoparticles, there
is a magnetically dead layer of ~ 2 nm, which contributes to a lower magnetization.

Fig. 5.12 M-vs-H curve of Co doped Fe3O4 at 300 K along with the theoretical fit.
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Magnetic hyperthermia measurements were carried out on the Co doped ferrofluid
sample at a field of 235 Oe and frequency of 375 kHz. The heating curve due to magnetic
hyperthermia and the cooling curve are shown in Fig. 5.13.

Fig. 5.13 Heating and cooling curves for Co doped Fe3O4 for magnetic
field of amplitude of 235 Oe and frequency of 375 kHz.

The SAR due to magnetic heating, taking into account the thermal loss to the
environment, as a function of temperature was determined as described earlier. The result
of the analysis is shown in Fig. 5.14. The corrected SAR curve is qualitatively similar to
that of the Fe3O4 system that we had analyzed earlier in the chapter.
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Fig. 5.14 SAR due to magnetic heating (red open circles), cooling (blue
open circles) and the corrected SAR curves (black open circles) for Co
doped Fe3O4 at a field of 235 Oe and 375 kHz

We use linear response theory to fit the data and extract out the relevant constants.
The theoretical fit to the experimental data is shown in Fig. 5.15s. For the system of Co
doped Fe3O4 synthesized by the coprecipitation method, the average crystallite size was
9.7 ± 0.3 nm with an average hydrodynamic size of 70 nm. On analysis of the MHT data
for the system of Co doped Fe3O4 nanoparticles the magnetic core size was extracted to
be 7.7 ± 2.9 nm and the anisotropy energy density to ~22 kJ/m3. This suggests that the
substitution of the cobalt ions altered the anisotropy energy density only by a few units to
bring out any significant change in the power output in the magnetic hyperthermia
process.
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Fig. 5.15 Theoretical fit to the experimental SAR data for Co doped Fe3O4
ferrofluid at a field amplitude of 235 Oe and frequency of 375 kHz.

It is expected that a combination of a higher anisotropy energy with a larger
magnetic core size of magnetic nanoparticles would result in a higher SAR. Hence,
detailed studies using a higher level of doping of cobalt and a larger particle size is
required to completely understand the role of magnetic anisotropy in enhancing SAR.
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CHAPTER 6

COMPARISON OF MAGNETIC HYPERTHERMIA IN
DEXTRAN AND PEG COATED Fe3O4 FERROFLUIDS

As described earlier in Chapter 1, there are a number of magnetic hyperthermia
(MHT) studies using magnetite (Fe3O4) and maghemite (γ-Fe2O3) [18, 40]. This is due to
their magnetic properties, biocompatibility and relative ease of synthesis. However, these
nanoparticles are characterized by high surface energy and tend to agglomerate. For
practical applications, these nanoparticles need to be cast as stable colloidal dispersions.
Typically the magnetic nanoparticles are coated with different kinds of organic materials
which not only provide a protective coating for the nanoparticles but also keep them well
suspended in the ferrofluid. In general, the choice of the coating is driven by three main
factors: colloidal stability, biocompatibility and ability to functionalize (i.e., attach other
molecules, such as drugs, to the organic layer of the nanoparticles) [58, 91]. With a
number of choices available for coating the nanoparticles, it is necessary to understand
the effect of these coatings on the magnetic properties and in particular how they
influence power dissipation in magnetic hyperthermia.
There has been a surging interest to understand the effects on magnetism of
nanoparticles brought about by the interaction of organic coatings with the inorganic core
of the nanoparticles in the ferrofluid. In a detailed experimental study along with
theoretical calculations, Salafranca et al. [92] studied the magnetic properties of oleic
acid coated magnetite nanoparticles and found the particles to have a high saturation
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magnetization (~80% of bulk value). They found that the magnetism was enhanced by
the capping molecules, due to their interaction with the surface of the nanoparticle.
Combining experimental evidence with density functional theory calculations, the authors
suggest that this restoration of magnetism would be of importance in applications
requiring reduction of magnetic dead layers. This is particularly important for magnetic
hyperthermia applications where there is a concerted effort to optimize the heat
generating properties of magnetic nanoparticles.
Yuan et al. [78] studied the effects of using different surfactants on the magnetic
properties of iron oxide colloids. In their study the authors used three commercially
available

nanoparticle

suspensions

FluidMAG-Amine,

FluidMAG-UC/A,

and

FluidMAG-CMX in water. The choice of the different surfactant coated suspensions was
motivated by the fact that these samples had different functional groups (amine and
carboxyl groups). They also used oleic acid coated iron oxide nanoparticles suspended in
hexane and heptanes. Magnetic measurements in this study revealed a reduction in the
magnetic phase depending upon the coating used. The study concluded by attributing this
reduction in the magnetic phase due to the absorbance of coatings, electric charge, and
possible mediation of these effects by solvents. In oleic acid coated samples, depending
on the solvent used, the interaction of the surfactant with the nanoparticles decreased.
This in turn resulted in a reduction of the magnetic phase.
More recently, Soares et al. [34] synthesized iron oxide nanoparticles using the
chemical coprecipitation method and coated it with three different surfactants (oleic acid,
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sodium citrate and Triton X-100). The authors probed the magnetism of the surfactant
coated nanoparticles to understand the effect of the surfactants on the magnetic properties
of the nanoparticles. It was observed from magnetization data that the coating by oleic
acid changed the saturation magnetization from 67 emu/g for bare nanoparticles to 34
emu/g for those coated with oleic acid The change for sodium citrate and Triton X-100
was much smaller with a value of 60 emu/g for the saturation magnetization. The authors
attribute the reduced saturation magnetization due to the reduction of the magnetic
moment at the surface brought about by the diamagnetic contribution of the surfactant
volume. Since the saturation magnetization influences the SAR value of the magnetic
nanoparticles, a reduction in the saturation magnetization would lead to a reduced SAR.
While there is extensive literature addressing the issue of magnetic hyperthermia
in different nanocomposite systems, an integrated approach of experimentation, thermal
modeling and simulation of the physical processes involved would contributes to a
greater understanding of the observed experimental results. In particular, the temperature
dependent dissipation in magnetic nanocomposites as a function of different coatings has
not been addressed so far. The aim of this study is to compare the temperature dependent
magnetic hyperthermia properties of Dextran and Na Oleate-PEG coated Fe3O4
nanoparticles suspended in a weakly basic solution. While Dextran, Na-Oleate, and PEG
are all known to be biocompatible, in this study we have chosen two distinctly different
systems: a single layered polymer of Dextran coating the Fe3O4nanoparticles versus the
double layered Na-Oleate-PEG coated Fe3O4 nanoparticles. We used the same batch of
Fe3O4 nanoparticles to coat with either Dextran or Na-Oleate-PEG, to ensure that the
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starting physical size distribution is the same for both cases. Any observed changes in
magnetic properties could then be attributed to modification of the nanoparticle surface
due to the interaction between the surfactant and surface atoms.

6.1 Characterization of dextran and Na-oleate-PEG coated ferrofluids
The Fe3O4 magnetic nanoparticles were synthesized using the chemical coprecipitation route, the details of which are mentioned in Section 3.2.1. These
nanoparticles were then coated with dextran and Na-oleate-PEG based on the procedure
outlined in Section 3.2.2 and Section 3.2.3. The concentration of both the ferrofluids were
determined to be ~18 mg/mL. The colloidal properties of the two ferrofluids (dextran
coated Fe3O4 and Na oleate-PEG coated Fe3O4) were characterized to determine their
stability and hydrodynamic size of the particles in the ferrofluid. The zeta potential of
PEG coated ferrofluid (-40 mV) is double that of dextran coated ferrofluid (-17mV)
indicating that the ferrofluids formed stable colloidal solutions. The hydrodynamic size of
the magnetic nanoparticles in both the ferrofluids is about 100nm suggesting their
suitability for biomedical applications. Structural characterization of these Fe3O4
nanoparticles using XRD and TEM are described in Chapter 4. While the average
crystallite size determined by XRD was 11.4  0.6 nm, the TEM particle size distribution
showed a larger value of 13.8 ± 3.1 nm, indicating the presence of an amorphous layer.
The M-vs-H curves for both the dextran coated and Na-oleate-PEG coated Fe3O4
nanoparticle ferrofluids were obtained at 300 K as a function of the applied field. In
Chapter 4, it was shown that the particles are superparamagnetic in nature with zero
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coercive field. A comparison of the M-vs-H is made in Fig. 6.1 for the two ferrofluid
samples, along with the theoretical fits using the Langevin function incorporating the
lognormal particle size distribution (see Figs. 6.2).

Fig. 6.1 M-vs-H curves for dextran coated and Na Oleate-PEG coated Fe3O4 ferrofluids at
300 K. The inset shows the log-normal distribution associated with the theoretical fits.

The saturation magnetization of the dextran coated Fe3O4 ferrofluid is 72 ± 4
emu/g while that of the Na-oleate-PEG coated Fe3O4 ferrofluid is 79 ± 4 emu/g. Both
these values are less than the bulk value of Fe3O4. From the theoretical fit to the dextran
coated Fe3O4 ferrofluid the magnetic cores size is estimated to be 10.7 ± 2.6 nm. The
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magnetic core size of the Na-oleate-PEG coated Fe3O4 was estimated to be 11.2 ± 3.4 nm
nm from the theoretical fits. Comparing this with the TEM size distribution, we can infer
about the presence of a magnetically dead layer ~ 2nm. The Na-oleate-PEG coated Fe3O4
seem to indicate a slightly larger magnetic core size by ~ 0.5 nm, thus explaining the
observation of a slightly higher saturation magnetization.

6.2

Comparison of MHT of dextran and Na-oleate-PEG coated
ferrofluids
The MHT measurements were made for the ferrofluids from room temperature to

about 50 oC, using an alternating magnetic field of amplitude 140 Oe - 240 Oe at various
driving frequencies ranging from 188 kHz to 375 kHz. To account for the heat loss to the
environment, the cooling curves (temperature versus time) were measured, immediately
after the magnetic field was turned off. The method of extracting the SAR from the
heating and cooling curves using exponential curves has been described in detail in
Chapter 4. The SAR values derived from the heating curves and cooling correction were
added together to determine the final SAR as a function of temperature ranging over 25
ºC to 50 ºC.
Using the average magnetic core size obtained from the analysis of M-vs-H
curves as a starting point, the SAR data of both the samples were fitted using the linear
response theory to extract the magnetic core size distribution and anisotropy energy
density. The SAR data and fits for the Na-oleate-PEG coated Fe3O4 nanoparticle
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ferrofluid is shown in Fig. 6.2. The data has been shown for different combinations of
field amplitudes and frequencies.

Fig. 6.2 SAR data for the Na oleate-PEG coated Fe3O4 ferrofluid

For comparison, the experimental SAR along with the theoretical fits for the
dextran coated ferrofluid sample is shown in Fig. 6.3.
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Fig. 6.3 SAR data for the dextran coated Fe3O4 ferrofluid

From Fig. 6.2 and Fig. 6.3, it is seen that the corrected SAR decreases
monotonically with temperature. For a given value of the field amplitude, the SAR
increases with increasing frequency. Similarly, for a fixed value of the frequency the
SAR value increases as a function of the field amplitude. From the experimental SAR
data and the theoretical fits using linear response theory, we estimate the magnetic core
size for the dextran coated nanoparticles to be 10.8 ± 2.6 nm, while that of Na-oleate –
PEG coated nanoparticles to be 11.0 ± 3.0 nm. These numbers demonstrate that the
magnetic core size distributions obtained from the magnetic hyperthermia measurements
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match those obtained by fitting the M-vs-H to a Langevin function incorporating a
lognormal distribution. It is also worth noticing that the magnetic core size distribution of
the two different samples is quite similar.
The anisotropy energy density derived by fitting the corrected SAR data over the
entire temperature range of 25 ºC to 50 ºC for the two different samples are comparable
to each other. The anisotropy energy density of the dextran coated Fe3O4 ferrofluid is 18
± 2 kJ/m3, while that of PEG is 15 ± 2 kJ/m3. The only other parameter which was
included in the analysis was the saturation magnetization (Ms). The ratio Ms to the
domain magnetization (Md= 446 kA/m) is identified as the magnetic fraction φ. The Naoleate-PEG sample showed a slightly higher magnetic fraction, φ (PEG) = 0.88, while the
dextran coated sample had a magnetic fraction φ (dextran) = 0.78. Summary of the results
are tabulated in Table 6.1.
Table 6.1 Colloidal parameters and magnetic parameters derived from M-vs-H and MHT
data
Sample

Zeta
Potential†
(mV)

Dextran coated

-17

DH†
(nm)
103

Ms*
(emu/g)
72 ± 4

D*
(nm)

D‡
(nm)

K‡
(kJ/m3)

10.8 ± 2.6 10.7 ± 2.6 18 ± 2

Na-oleate-PEG
-40
100
79 ± 4
11.2 ± 3.4 11.0 ± 3.0 15 ± 2
coated
*Saturation magnetization at 300 K and average magnetic core size from M-vs-H fits
†
Average Zeta potential and hydrodynamic size (DH) are measured at pH 9.5
‡Magnetic core size and anisotropy energy density (K) from MHT fits

101

6.3 Conclusions
Magnetic iron oxide nanoparticles have been synthesized using the simple and
widely used co-precipitation method and coated with two different kinds of surfactants:
dextran and PEG. We demonstrate a simple method to coat the Fe3O4 nanoparticles with
PEG using Na-oleate as an anchor. The aim of the study was to understand the effect of
these two coatings on the magnetic properties of nanoparticles and the associated
magnetic hyperthermia response of the ferrofluids. While the zeta potential of both the
ferrofluids indicates good colloidal stability and the hydrodynamic sizes indicate the
suitability for biomedical applications. Comparing the magnetic core size distributions
with the crystalline size (XRD) and physical size (TEM) indicates the presence of a
magnetic dead layer in both the samples. It is tempting to arrive at the conclusion that the
Na-oleate-PEG coated Fe3O4 sample shows a slightly elevated saturation magnetization
compared to the dextran coated Fe3O4 sample. Comparing this with the TEM size
distribution, we predict a magnetically dead layer approximately 2 nm in size.
Magnetic hyperthermia measurements were performed on dextran coated Fe3O4
nanoparticle ferrofluid and Na-oleate-PEG coated Fe3O4 nanoparticle ferrofluids at
various fields (235 Oe, 188 Oe, and 141 Oe) and frequencies (375 kHz, 270 kHz, and 188
kHz). The experimental SAR curves (corrected for heat loss) were fitted using the linear
response theory and the Drude model for relaxation. From the theoretical fits
incorporating a lognormal distribution, the magnetic core size distribution was
determined for both the samples. The anisotropy energy densities obtained for dextran
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coated sample is 18 ± 2 kJ/m3 and slightly smaller (15 ± 2 kJ/m3) for Na-oleate-PEG
coated sample. To conclude, within the error limits, the two coatings used in this study do
not affect the magnetic properties considerably and hence the SAR values.
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CHAPTER 7
SUMMARY AND FUTURE STUDIES
In recent years, magnetic nanoparticles have been used extensively for
technological applications, medical imaging, targeted drug delivery and magnetic
hyperthermia. In particular, several studies have focused on the iron oxide systems, Fe3O4
and γ-Fe2O3, due to their magnetic properties and biocompatibility. A colloidal
suspension of superparamagnetic nanoparticles, known as the ferrofluid, is commonly
used in the applications mentioned above. Magnetic hyperthermia (MHT), the production
of heat using ferrofluids in an external AC magnetic field, has been explored by many
researchers, both in vitro and in vivo, as an alternative viable option to treat cancer. One
of the major goals of researchers working in MHT has been to increase the so called
Specific Absorption Ratio (SAR, the power output per gram of the magnetic material
used) within the acceptable norms of field amplitude and frequency of the applied AC
magnetic field. The SAR value of ferrofluids depend upon not only the amplitude and
frequency of the applied AC magnetic field, but also on the properties of magnetic
nanoparticles, such as saturation magnetization, magnetic anisotropy density, as well as
the particle size and size distribution. There have been various studies, both experimental
as well as theoretical, trying to understand the behavior of ferrofluids in an applied AC
field and the motivation has always been to quantify and predict the SAR as a function of
the particle size and distribution.
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As a part of this thesis, the temperature dependent MHT behavior of various
ferrofluids was studied experimentally and the results are interpreted theoretically using
the linear response theory and Drude model for the relaxation process. Fe3O4 and Co
doped Fe3O4 nanoparticles were synthesized using the chemical coprecipitation method,
with major focus on Fe3O4 nanoparticles. Aqueous colloidal solutions of these magnetic
nanoparticles were prepared by coating them with two biocompatible surfactants: dextran
and Na-oleate-PEG. Structural and magnetic characterization of the nanoparticles was
done using XRD, TEM, and DC magnetization measurements. While XRD revealed the
crystalline structure and size, TEM provided information about the morphology and
physical size of the nanoparticles. M-vs-H curves of the samples provided information
about their saturation magnetization and magnetic core size distribution. Colloidal
properties were probed using light scattering experiments to determine the zeta potential
and hydrodynamic size of the nanoparticles in the ferrofluids. Magnetic hyperthermia
experiments were performed at various fields (235 Oe, 188 Oe, and 141 Oe) and
frequencies (375 kHz, 270 kHz and 188 kHz).
The results of MHT measurements on dextran coated Fe3O4 nanoparticles, with an
average crystallite size of 11.4  0.6 nm, has been described in Chapter 4 to extract out
the SAR as a function of temperature for different fields and frequencies. The uniqueness
of this study lies in the detailed methodology for determining the SAR as a function of
temperature taking into account the non-adiabatic nature of the experimental setup and to
include a correction term to the SAR computed from the measured MHT curves. Based
on the thermal modeling of the system, magnetic measurements and linear response
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theory, the anisotropy energy density (K) was determined for the detxran coated Fe3O4
ferrofluid. This method of determining the SAR as a function of temperature can be
extended to understand temperature dependent magnetic dissipation in other magnetic
nanoparticles systems. A byproduct of this analysis is an estimate of the size of
ubiquitous magnetic dead layer in nanoparticles systems. This is of relevance in
predicting the actual power output of magnetic nanoparticles of a particular type and size
distribution.
In Chapter 5, the results of temperature dependent SAR of dextran coated Fe3O4
nanoparticles of three different particle size distributions have been presented. Fe3O4
nanoparticles of three different average crystallite size of 9.7 ± 0.3 nm, 11.4 ± 0.6 nm,
12.7 ± 0.4 nm, were synthesized using chemical co-precipitation method by varying the
synthesis conditions, namely, the stirring rate and the reaction temperature. M-vs-H
curves, fitted with the lognormal distribution for particle size, showed the commonly
observed trend of increasing saturation magnetization with increase in particle size. The
SAR data showed a monotonous decrease with increase in temperature for all the
samples. As expected, increasing the particle size from 9.7 ± 0.3 nm to 11.4 ± 0.6 nm
resulted in an increase in saturation magnetization, magnetic core size, and hence SAR
values. However, on further increasing the particle size to 12.7 ± 0.4 nm, there was an
increase in saturation magnetization and hence magnetic core diameter, but did not show
an increase in SAR value at room temperature, as predicted by theory. The detailed
analysis of the observed SAR data using the linear response theory, it was evident that the
particles in this sample (prepared at a slightly elevated temperature) had a lower
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anisotropy energy density (~ 12 kJ/m3) compared to the other two samples (~18 kJ/m3.
This demonstrated that synthesis conditions, particles synthesized at an elevated
temperature, can significantly alter the material properties. The effect of small amount of
Co doping (10%) in the Fe3O4 nanoparticles with an average crystallite size ~ 9.7 ± 0.3
nm, showed a reduced saturation magnetization (57 emu/g), smaller magnetic core
diameter (7.6 ± 2.8 nm) and no appreciable increase in the anisotropy energy density (~
22 kJ/m3) and thus did not significantly increase the SAR values as expected.
The results of the effects of using different polymers and surfactants on the
magnetic and magnetic hyperthermia properties of Fe3O4 nanoparticles were presented in
Chapter 6. Two biocompatible polymers, dextran and Na-oleate-PEG, were used for
coating the nanoparticles. A simplified method of coating PEG on already synthesized
Fe3O4 nanoparticles is demonstrated here. Na-oleate is used as an anchoring agent to coat
PEG on the magnetic nanoparticles. Magnetic hyperthermia measurements were carried
out at various fields and frequencies. From the theoretical fits to the M-vs-H curve and
the experimental SAR, it was identified that the magnetic core size distribution and the
anisotropy energy density were similar in both the samples. Hence, we conclude that the
two surfactants used for coatings in this study did not change the magnetic properties of
Fe3O4 nanoparticles and hence SAR values. A generalization of this conclusion would
require additional studies using different surfactants to coat the nanoparticles.
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Prospects for future studies
In this thesis, we have addressed the problem of temperature dependent magnetic
hyperthermia in spherical magnetite nanoparticles. However, there can be four other
distinct kinds of magnetic materials which can be exploited for purposes of magnetic
hyperthermia: ferrite nanoparticles doped with different transition elements, magnetic
core-shell composites, exchange coupled magnetic materials and nanoparticles of
different shapes. Each of these materials offers challenges and opportunities to search for
materials with enhanced magnetic properties, and probe relevant physical phenomenon in
these materials.
Doping magnetite with other magnetic atoms, for example Co, allows us to tune
the magnetic properties of the materials [21][84]. This could in turn lead to an enhanced
heat dissipation making magnetic hyperthermia more effective. Modeling the temperature
dependent SAR of these particles would enable us to understand the effects of doping on
magnetism. There has been interest in gold coated Fe3O4 nanostructures because of its
stability to corrosive environments and its strong interaction with biomolecules
containing thiol or amine groups [93]. In addition to this, gold being a noble metal has an
excess of electron which can participate in plasmon resonance when probed using near
infra-red radiation and has an absorption peak around 500 nm. This property of gold has
been exploited to produce heat in the treatment of cancer and is commonly referred to as
phototherapy or photo-thermal therapy [94] [95]. Understanding the temperature
dependent relaxation behavior of such composites could help in making magnetic
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hyperthermia as an efficient therapeutic tool. Exchange coupled magnetic nanoparticles
have been shown to produce very high SAR values [28]. The temperature dependent SAR
can be measured easily as described in this theses. However, interpreting the
experimental results using a theoretical frame work would prove very challenging and
worthy of intellectual pursuit. Recently, there has been an interest in producing
nanoparticles of shapes other than the usual spherical geometry to enhance the SAR [96].
While the temperature dependent SAR of such nanoparticles can be experimentally
deduced, their theoretical simulation would require some modification or perhaps the
usage of Monte Carlo simulations to interpret the data. .
The goal of studying the magnetic hyperthermia properties of the naoparticles
studied in this thesis is to develop ferrofluids for use in real biological systems for
therapeutics, enhancement magnetic resonance image contrast, and drug delivery. There
have been some biological studies exploring the interaction of the nanoparticles with cells
in cell culture media and in vivo studies exploring the effects of magnetic hyperthermia in
mouse models [58]. However, from a perspective of a physicist, a complete
understanding of the temperature dependent behavior of magnetic nanoparticles in gel
matrices would be a first step towards modeling their use in biological tissues. This is of
relevance considering the fact that former studies have focused only on the transport and
heat diffusion characteristics using experimental and simulation studies [36-38]. A
complete study of this kind would include thermal modeling and simulation of magnetic
response of magnetic nanoparticles along with the study of transport and heat diffusion
studies.
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ABSTRACT
INVESTIGATION OF TEMPERATURE DEPENDENT MAGNETIC
HYPERTHERMIA IN Fe3O4 FERROFLUIDS
by
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May 2015

Advisor: Dr. Ratna Naik
Major: Physics
Degree: Doctor of Philosophy

Magnetic nanoparticles (MNPs) of Fe3O4 and γ-Fe2O3 have been exploited in the
biomedical fields for imaging, targeted drug delivery and magnetic hyperthermia.
Magnetic hyperthermia (MHT), the production of heat using ferrofluids, colloidal
suspensions of MNPs, in an external AC magnetic field (amplitude, 100-500 Oe and
frequency 50 kHz -1MHz), has been explored by many researchers, both in vitro and in
vivo, as an alternative viable option to treat cancer. The heat energy generated by Néel
and Brownian relaxation processes of the internal magnetic spins could be used to elevate
local tissue temperature to about 46 ˚C to arrest cancerous growth. MHT, due to its local
nature of heating, when combined with other forms of treatment such as chemotherapy
and/or radiation therapy, it could become an effective therapy for cancer treatment. The

125

efficiency of heat production in MHT is quantified by specific absorption rate (SAR),
defined as the power output per gram of the MNPs used.
In this thesis, ferrofluids consisting of Fe3O4 MNPs of three different sizes (~ 10 13 nm) coated with two different biocompatible surfactants, dextran and polyethylene
glycol (PEG), have been investigated. The structural and magnetic characterization of the
MNPs were done using XRD, TEM, and DC magnetization measurements. While XRD
revealed the crystallite size, TEM provided the information about morphology and
physical size distribution of the MNPs. Magnetic measurements of M-vs-H curves for
ferrofluids provided information about the saturation magnetization (Ms) and magnetic
core size distribution of MNPs. Using MHT measurements, the SAR has been studied as
a function of temperature, taking into account the heat loss due to non-adiabatic nature of
the experimental set-up. The observed SAR values have been interpreted using the
theoretical framework of linear response theory (LRT).
We found the SAR values depend on particle size distribution of MNPs, Ms (6580 emu/g) and the magnetic anisotropy energy density (K: 12-20 KJ/m3), as well as the
amplitude and frequency of the applied AC field (amplitude, 150-250 Oe and frequency,
180-380 kHz). In general, Ms and magnetic core diameter of MNPs increased with the
increase in particle size. However, our detailed analysis of MHT data show that although
SAR increased with the particle size, the polydispersity of the particles as well as the
magnetic anisotropy energy density significantly affected the SAR values. Dextran and
PEG coatings essentially yielded similar SAR values ~ 100 W/g using ferrofluids of
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Fe3O4 MNPs with an average crystallite size of 11.6  2.1 nm, in AC field of 245 Oe and
375 KHz.
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